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ABSTRACT
Conformation and Branching Studies of Polymers:
Using Gel Permeation Chromatography Coupled
With On-Line Low Angle Laser Light
Scattering Photometry
(September 1980)
Robert Francis Jenkins, B.S., Northeastern University,
M.S., Ph.D., University of Massachusetts
Directed by: Professor Roger S. Porter
Several applications of a Gel Permeation Chromatograph
,
GPC,
coupled with an on-line Low Angle Laser Light Scattering photometer,
LALLS, are presented. These involve using the GPC/LALLS system to
generate a series of values for the molecular weight, M^^. , and the
intrinsic viscosity, [ri]^-, from the distribution of the polymer sample.
These values are first applied to obtaining estimates of the unper-
turbed dimensions for a series of stereoregular poly(methyl meth-
acrylate), PMMA, samples, and later to measure the degree of long
chain branching in poly (vinyl acetate), PVAc.
Six different stereoregular forms of PMMA, ranging from 15% to
100% isotactic dyad content, were analyzed by the GPC/LALLS method.
Comparison of the intrinsic viscosity and molecular weight values
generated by the GPC/LALLS method with those obtained by more conven-
tional means (i.e., intrinsic viscosity and light scattering
vi
measurements) showed very good agreement. Our results for "conven-
tional" (23% isotactic dyads) PMMA gave Mark-Houwink constants of
K = 0.956 X 10"^ (dl/giii), and a = 0.695, as compared to K - 1.04 x
10 ^ (dl/gm) and a = 0.697 as obtained by conventional viscometry.
Using these intrinsic viscosity and molecular weight values, the un-
perturbed dimensions, as well as the polymer- sol vent interaction para-
meter, B, were evaluated by means of viscosity plots for the six
stereoregular forms of PMMA.
Results showed the unperturbed dimensions of isotactic PMMA to
be approximately 35X larger than the syndiotactic form. In addition,
the dimensions of isotactic PMMA in a thermodynamical ly good solvent,
tetrahydrofuran at 25°C , were determined to be larger than for the
syndiotactic polymer, as exhibited by the larger intrinsic viscosity
obtained for a given molecular weight. Isotactic PMMA was also found
to exhibit a smaller degree of polymer-solvent interaction as reflect-
ed in the smaller value of the polymer- sol vent interaction parameter,
B, by the smaller value of the second virial coefficient, A2; and by
the smaller value of the Mark-Houwink exponent, a.
It is proposed that the larger unperturbed and perturbed
dimensions as well as the smaller degree of polymer-solvent interac-
tion exhibited by isotactic PMMA is a result of the presence of heli-
cal segments in the isotactic polymer. The presence of helical seg-
ments, because they are the conformation of lowest potential energy
for the isotactic polymer, is believed to be possible in dilute solu-
tion as well as the bulk state. As a result of the helical segments,
the isotactic polymer would be expected to be more extended
than the
vii
syndiotactic in both theta solvents and thermodynamical ly good solv-
ents. In addition, the combination of bulky side groups and the hel-
ical segments is expected to shield the polymer from solvent molecules,
resulting in the smaller degree of polymer-solvent interaction ob-
served for isotactic PMMA.
The GPC/LALLS system was also applied to the determination of
long chain branching in PVAc. Basically, polymers with long chain
branching have been found to exhibit smaller hydrodynamic volumes than
linear polymers of the same molecular weight. Since the intrinsic
viscosity is essentially a measure of the volume, the change in intrin-
sic viscosity is used as a measure of the degree of long chain branch-
ing.
In this study PVAc was subjected to chain scission by mechani-
cal as well as chemical methods to investigate the effect of shear on
the branching distribution. It was concluded from this work that:
(a) the branches through the acetate group are long and are ruptured
preferentially on shearing, (b) the branches through the a- and 3 car-
bons are not broken on shearing, (c) the extent of long branches through
the acetate group is about 67% of the total branching, (d) on shearing,
80/O of the decrease in molecular weight is due to rupture of the long
branches through the acetate group. The remaining 20% of the decrease
in molecular weight results from main chain scission, and (e) poly(vinyl
alcohol) derived from branched PVAc contains a smaller but nevertheless
significant amount of branching.
vi i i
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CHAPTER I
REVIEW: UNPERTURBED DIMENSIONS OF
STEREOREGULAR POLYMERS
Abstract
Results from numerous studies of unperturbed dimensions for vinyl
polymers are tabulated for the first time. A comparison is made
between results from theta temperature measurement and those estimated
from measurements in good solvents. Data for poly(l
-pentene) (^Q) ^as
used by the authors to obtain figures 1.3-1.6. This data had not
previously been used to obtain estimates of the unperturbed dimensions.
It is concluded that these estimation procedures are generally quite
acceptable, giving values usually within 8% of those determined in
theta solvents. Statistical calculations for the dependence of the
unperturbed dimensions on stereoregularity are considered in the light
of the available data. The calculations predict an increase in the
characteristic ratio, C.., at intermediate tacticities for vinylidene
polymers whereas a decrease is predicted for vinyl polymers. It is
shown that little experimental data currently exists to confirm these
predictions. It is pointed out that this is not a result of insuffi-
cient experimental studies, but rather insufficient characterization of
those polymers which were studied.
1
Introduction
Since the initial advancements in the synthesis of stereoreqular
polymers by Natta et al.^D in the late fifties, attempts have been made
to obtain steroreqular forms of many polymers. With the synthesis of
these new polymers came a larae number of reports on their properties,
both in the bulk state and in solution. Among the properties studied
have been crystal 1 inity, and the effect of stereoregularity on the un-
perturbed dimensions. In this review we are concerned exclusively with
the latter. A thorough understanding of the effect of stereoregularity
on the unperturbed dimensions is essential since they are a direct re-
sult of the chain conformations. Knowledge of the effect of stereo-
regularity on a chains conformations is importance since the conforma-
tions determine many of the properties of polymers, both in the bulk
state and in solution. Properties such as rubber elasticity, the hydro-
dynamics and thermodynamics of polymer solutions, and optical proper-
ties are only several of the properties that are dependent on chain
conformations. Although it is now possible to obtain specific stereo-
regular forms for many polymers, we are concerned here only with
stereoregular vinyl and vinyl idene polymers.
There appears to be no prior reviews concerned with the effect of
stereoregularity on unperturbed chain dimensions. Our intent is to
compile the reliable data and to elucidate whatever trends may exist.
This review also reveals areas that suggest further study. Admittedly,
the data given in many instances is questionable. One of the many ob-
stacles in any such study is the exactness with which stereoregularity
has been determined. In all early publications little could be
reported about the absolute stereoregularity
. Commonly researchers have
have referred to polymers as "isotactic,"
"syndiotactic," or simply
"atactic," with little reference as to the degree. Still others chose to
refer to polymer products by the method with which they were synthesized,
or by the fraction number, as collected from polymer fractionation pro-
cedures. Today, with the advancements made in both polymer synthesis
and characterization techniques, especially nuclear magnetic resonance
spectroscopy (NMR), an increasing body of knowledge is becoming avails
able from studies of polymers of known stereoregularity. However, data
from systematic studies of well characterized stereoregular polymers is
still scarce, and the data reported in this review should be received
with this in mind.
Historical
The first systematic evaluation of chain dimensions of stereoregu-
lar polymers in solution were reported by Danusso and Moraglio^^^. They
studied both isotactic and atactic polystyrene by viscometry and osmo-
metry, in benzene and in toluene (both thermodynamically good solvents).'
They concluded that no difference could be observed in the intrinsic
viscosity-molecular weight relationship, [n] = k^M^, for the two stereo-
regular forms (see Figure 1.1 and 1.2). However, they did find a
noticeable difference between the second virial coefficients for the two
stereoregular forms of equivalent molecular weight. These results were
(3-8)
consistent with subsequent measurements on isotactic and atactic
^^'^"^^^ polystyrene, PS; isotactic^^^"^^^ atactic^^^"^^\ and syndio-
tactic^^^^ polypropylene, PP; isotactic and atactic poly(l-pentene)^^^\
Figure 1.1. Relation between [n] in toluene and M for
fractions of polystyrene; (O) isotactic polystyrene; (•) atactic
polystyrene. From Ref. 2.
5-1,0
4.0 4.5
I
5.0
LOG M
5,5 6.0
Figure 1,2. Relation between [n] in benzene and M for
fractions of polystyrene; (O) isotactic polystyrene; (•) atactic
polystyrene. From Ref. 2.
PPT; isotactic^^O'^O)^ atactic^^] '^2)
, and syndiotactic(23)
^^^^^^^^^^^^
methacrylate), PMMA; and isotactic, atactic, and syndiotactic(23) p.^^
(methyl methacrylate), PMMA; and isotactic, atactic, and syndiotactic
poly(isopropyl acrylate)(24,25)
^ p^p^^ ^^^^^ ^^^^^^^^ ^^^^^^
that, in thermodynamically qood solvents, no differences are measurable
in the intrinsic viscosity-molecular weiqht relationship for the dif-
ferent stereoreqular forms. In addition, the second virial coefficient,
A^, in every case studied was found to be larger for the syndiotactic
and atactic forms than for the isotactic forms^^'^'^^'^^'^^'^^'^^^
The chain dimensions of polymer molecules in solution are influ-
enced by both lonq range (excluded volume), and short range (rotational
(27
)
isomeric) effects^ '
.
Long range effects are a result of thermody-
namic interactions between polymer molecules and their environments.
In a good solvent, where the energy of interaction between polymer and
solvent is high, the molecules will tend to expand in order to increase
the number of polymer-solvent contacts. As a result, the volume which
one polymer segment excludes from another is large. In a poor solvent
where the energy of interaction is unfavorable, the polymer will con-
tract in order to increase the amount of polymer-polymer contacts. This
decreases the amount of polymer-solvent contacts, resulting in a low ex-
cluded volume. Under theta conditions, defined as the temperature at
(21)
which the second virial coefficient is zero^ , it has been shown that
the excluded volume vanishes and the chain is unperturbed by long range
interactions. Here the dimensions are simply a function of the short
range effects and are therefore referred to as the unperturbed dimen-
sions. Short range effects are a result of the rotational isomeric states
available to the particular molecule, and hence are indicative of the
conformations of the polymer molecule itself.
Krigbaum et al.^^^ were the first to emphasize the necessity of
measuring the dimensions of stereoregular polymers unperturbed by long
range effects. They used light scattering and intrinsic viscosity
measurements in thermodynamical ly good solvents to obtain the unper-
turbed dimensions of isotactic PS. Comparison with the value for atac-
(9)tic PS led to the conclusion that the unperturbed dimensions of the
isotactic form were 25-30% larger than the atactic counterpart. These
results were the first among many studies of the unperturbed dimensions
of stereoregular polymers, and served to clearly point the way for sub-
sequent work.
Measurement of the Unperturbed Dimensions
There are two basic ways in which measurements of the unperturbed
dimensions are obtained: (1) determination of unperturbed dimensions
directly, by measurements in theta solvents; and (2) determination of
the perturbed dimensions in a good solvent and extrapolation of the
values to the unperturbed state using one of the existing theories.
Both methods have been widely used as will be shown.
Direct measures of unperturbed dimensions .
Methods
. The unperturbed dimensions can be directly determined
by methods such as light scattering and dilute solution viscometry on
polymers dissolved in theta, e, solvents. The light scattering tech-
(28)
nique involves graphical methods as outlined by Zimm^ which involves
obtaining light scattering data from a number of solute concentrations,
8each at several different scattering angles. Equationl.l is used:
^
= I 0 U^e.'/3x'/') sin' {,/?)
.s.l) . 2 A^c .... (1.1)
where; K = 2„N^ (dn/dc)2/N^x^ c is the solute concentration, is the
Raleigh ratio and e is the scattering angle. The ratio Kc/R^ is
plotted as a function of sin^ (0/2) + qc, where q is an arbitrary con-
stant. The data obtained at a given scattering angle are then extrapo-
lated to c^^o. Then the data obtained at different scattering angles for
the same concentrations are extrapolated to 8=o. Through this double
extrapolation procedure, it is possible to eliminate effects due to de-
viations from solution ideality as well as effects due to destructive
interference of the scattered light. It follows from Equation 1 .1 , that
the mean-square-radius of gyration. <S>^ may be calculated frorti the
initial slope of the c=o line from the Zimm plot. The radius of gyra-
tion from such studies is the z-average, and must be corrected for
heterogeneity to obtain <S>^. Assuming a linear polymer, the mean square
end-to-end distance, <^>^q> is:
Although theoretically sound, this method has proved to be diffi-
cult to impossible, in practice. In general, the light scattering
method is hindered by a number of errors: optical artifacts, molecular
heterogeneity, and the errors inherent in the dual extrapolation re-
quired with respect to concentration and angle. In addition, experi-
mental difficulties, such as crystallization and fractional precipita-
tion, often encountered when working with stereoregular polymers near
theta conditions are generally formidable. As a result there are
relatively few reports of light scattering
.easuren,ents of stereoregu-
lar polymers in theta solvents^^^'^^'^Oa)
Viscosity
,„easore»,ents on polymers dissolved in theta solvents have
proved more useful. However, again measurements are subject to diffi-
culties due to poor solubility near the theta point. At the theta tem-
perature the Flory-Fox relationship'^! j^educes to:
C^'^o = (1.3)
where:
K, = 0 {6<S^>W/2- , ( <F^>2/M)3/2
and:
,
is the "universal constanf'of Flory, and M is the number average
molecular weight^^^^ Consequently measurements of the intrinsic vis-
cosity at the 0 temperature for samples of known molecular weight allows
calculation of
.
Determination of the constant thus allows calcu-
lation of the unperturbed parameter ( <F^>^/M)^/^ as well as the char-
acteristic ratio, C^, defined in Equation i.5:
where M^^ is the mean molecular weight per skeletal bond, £ is the bond
length, and $ is again the Flory constant.
(27)Flory has stated that $ should be independent of molecular
characteristics, and should therefore be the same for all randomly coiled
chains. According to Flory^^^^ the best value for $ is 2,1 (+0.2) x
21
10
,
which, when corrected for heterogeneity, should yield a value of
2.5 X 10^^. This value is substantiated by Cowie^"^^^, who studied
anionically-produced polystyrene in several solvents, and found an
21
average of 2.55 x 10 , However, many authors have determined ^> from
light scattering and dilute solution viscometry, and have suggested
10
diff.rBnt^values. Ptitsyn et al.^^S),
,3 Stock.ayer and
Kurata^^^), have noted that
.may vary from 1.9 x 10^1 fo. measurements
in good solvents to 2.9 x lO^l for measurements in theta solvents. In
addition, Mark et al.(25) determined
.for isotactic, atactic and syn-
diotactic poly(isopropyl acrylate) and found values of 2.0(+0.2) x ]Q^\
and 2.6( + .2) x 10^1 respectively. It appears that .is not as constant
as originally believed. In addition, the value of .used in Equation
1.4 for calculation of as well as C^,
, varies from one author to
another. It should also be noted that few researchers have actually
determined
.
for their systems. As a result, until more accurate
values of .are obtained for narrow distribution samples for each
stereoregular polymer, in the appropriate solvent, and at specific
temperatures, the values reported in tables 1.1-1.8 must be taken as
approximations
.
Stereoregular systems. The unperturbed dimensions for a number
of stereoregular polymers have been studied by dilute solution visco-
metry in theta solvents. Given in tables (1.1-1.8) are values of K
,
0
as defined in Equation 1.4, and the corresponding values of C^. As can
be seen from these eight tables, comparisons can be made between the
stereoregular forms for only four polymers; PMMA, PMS, PPT, and PP.
For the other three polymers sufficient data from direct, theta point
studies is not available. Of the four polymers for which comparisons
can be made, we see that the variation in chain dimensions with tacticity
is not uniform. For PMMA it appears that the isotactic form has the
larger unperturbed dimensions whereas the atactic and syndiotactic forms
are equivalent. This latter result may be expected since atactic PMMA
is predominantly syndiotactic^^^^ For PMS, the isotactic form again
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exh,bus Ur,er unperturbed dimensions than the syndlotactic fo™ This
served for PP where the isotactic for,„ has the smaller unperturbed di-
mens ions.
Interpretation of these results Is complicated b. the fact that
the unperturbed parameter. K„, used to obtain both (<F >2/M)V2
,
,
1s not strictly a constant. It has been demonstrated in several studies
that Kg is subject to the combined effects of both solvent'^^. 36,37, 38a)
^
'^^^ '
although the effect of solvent is believed
to be small m principle, however, solvation can perturb the rela-
tive energies of the conformations accessible to polymer chain seg-
ments 9 . Since the unperturbed dimensions are determined by the con-
formations of the chain, solvent effects may be observed. In general,
the unperturbed dimensions may be expected to be susceptible to solvent
effects if the chain backbone contains polar groups. This has been
shown for both poly(hexene 1
-sul fone) (^^'^l ) and poly(dimethyl silox-
ane)^^^\ both of which contain polar backbone bonds. However,
measurable solvent effects are also observed^^^) ^^^^ ^^^^^ ^^^.^^
such as ps(32.36,37)^ p^^^(37)
acetate) ^^7)
^ p^^^_
obvious way of determining the effect of solvent is to compare the un-
perturbed dimensions of the same polymer in solvents that exhibit the
same theta temperature. Consider the data for atactic PS given in
Table 1.2; in 1-chloro-n decane, diethyl malonate, and cyclohexane. All
have relatively close theta temperatures (i.e., 39.9, 34.8, 32.8). The
differences in the unperturbed parameter K^, (7.9, 7.7, + 8.2 x 10"^),
must therefore result from solvent effects^"^^^
24
The effect of temperature on unperturbed dimensions although
straightforward in principle, has proved to be difficult to evaluate ex-
perimentally. Based on the rotational isomeric model, one would expect
a negative temperature coefficient since as the thermal energy increases
the relative populations of the g^ and g" states increases over the
trans and consequently {r^n
^^^^^^^ ^^^^^^^^^
ever, evaluation of the temperature coefficients for stereoregular poly-
mers have resulted in inconsistencies(^3,44,45)
^ ^^^^^ inconsistencies
have been attributed in part to different techniques used to obtain the
temperature coefficient, d In <r^>^/dt.
There are two basic ways by which d In <F^>2/dt may be determined.
The first involves measurements in dilute solution^^^'^^^ ; the second,
solid state stress-temperature measurements^^^''^''^ The dilute solution
measurements have been shown to be fraught with problems arising from
solvent effects, as discussed in the preceding section. However, data
obtained from stress- temperature measurements for amorphous networks are
believed to be more reliable. The data in Table 1.9 shows the dis-
couraging pattern of the available measurements of d In <r >^/dt for
0
stereoregular PMMA. All data come from solution measurements. Conse-
quently specific effects of solvent are not eliminated. The more reli-
able method of determination of d In <r^> /dt from the temperature coef-
ficient of stress exhibited by a strained network has not been applied
to PMMA. In general, quantitative comparisons of unperturbed dimensions
for the stereoregular polymers (see Tables 1.1-1.8), may be made only
after both the temperature and solvent effects have been evaluated.
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TABLE 1.9 Exfiervmenjajjalue^ t^^^ Coefficient for PMMA
Tacticity Sign (+)
d In C /dt
Value (K"b Reference
Atactic
Synd iotactic +
0
1.4 X 10"^
68
70
+ 2.4 X 10"-^ 73
Isotactic
+ 4.0 X 10"^
-2.3 X 10"^
90
70
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" - a' = 2 C^^(l/2 - x)M^/2
^^^^^
- 2 \3/2
0
been proposed those of Fox and Flory'^D, (p_,),
, 3^^ 3^^^^^,^^^^
and F1xman'5l), (S-F), [Eq. l.io]; Kurata and Stockmayer'^"), (K-S),
[Eq. 1.11]; and Berry(52), (b). [Eq. 1.12], have been the most thorough-
ly tested, although several others have been proposed'^'''''8.53,54,55,56)
5 3
V - partial specific volume of solute
- Avogadro's number
- molar volume of solvent
and; x is a parameter related to polymer-solvent interaction
3
" = 1 + 2z (IJO)
where; z ^ (3/2.)^/2 3 (^^2^^^^ 3/ 2^^1/2
^ „g.^^^^ ^^^^^^^
integral"^^^^
3
a
- a - 4/3 Z g (a) (1.11)
where; g(u) = 8a^ (3a^ + 1)"^/^
= 2 + .325z (1.12)
where; 2 < z>l
1
On combining Equation 1.7 with each of Equations 1.9-1.12, re-
lationships were obtained^"^^ '^^ '^^'^^'^^^^ whereby the value of K
be graphically evaluated if [n] and M are known. Flory and Fox^^^^
were the first to put forward such a method; their equation was
[,^]2/3/^^l/3
^ ^^2/3 ^ K^^/\^[M/M (1.9A)
where; ^
^'-''i^ivi
" ^/^) ^ ~ c(^)/M^^^ and;t|;^ is an entropy
A much simpler form was proposed by Burchard^'^'^^^ , and later by
f 51 )
Stockmayer and Fixman^ , the latter authors suggested the equation:
[n]/M^^^ - Kg + .51 $ B M^/^ (l.lOA)
0
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where; B - and; c m is the molar weight of a chain segment.
In addition Kurata and Stockmayer^^^^ proposed:
[n]2/3/MV3 _ ^^2/3 ^ , B[g(a) (M^/S/^^^^l/S)^
(52)While Berry^ ' proposed:
([n]/H'/2)'/2 = k;/2 . .42 K^^ B(r//H)-3/2(H/[„]) (1.12A)
Typical plots for Equations 1.9A-1.12A are shown in Figures 1.3-
1.6. In each case values of are obtained from the intercept of the
appropriate plot. It is clear that the linear relationships proposed,
Equations 1.9A-1.12A, do not hold at high molecular weights. As a re-
sult, values of must be obtained by extrapolation of the linear
portion of the curves. The data used to obtain these plots (Figures 1.3-
1.6), is from a study by Moraglio and Gianotti ^^^^on isotactic and
atactic PPT. This data had not been previously used to estimate unper-
turbed dimensions by the theories presented here. Shown in the graphs
are data for isotactic PPT in toluene, at 30"C., a thermodynamically
good solvent, and isobutyl acetate, at 32.5°C., a e solvent. Comparison
of the results obtained by these four extrapolation techniques with that
obtained in a o solvent (iso-butyl acetate) shows reasonable agreement
(see Table 1.7). Values of as estimated by the Stockmayer-Fixman and
the Kurata-Stockmayer methods are seen to be ~10% higher than those ob-
tained directly in a theta solvent. The values from the Fox-Flory and
Berry equations are even closer to the experimental value; the Fox-Flory
method within 1.6%; the Berry method within 4.8%. This is exceptional
agreement since the values of obtained directly in e solvents are
generally accurate to +2%. Deviations from the experimental values has
been attributed in part to the fact that the semi-empirical parent
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CM
o
T
<M
I 1
t .J
Figure 1.3. Fox-Flory plot for isotactic poly(pentene-l
)
(38)
(A) toluene at 30°C. ; () i-butyl acetate at 32.5°C., 6 temperature
30
2.2
(KURATA-STOCKMAYER)
1.0 J—I—I—I—I—I I I
0 8 10 12
g(a) M^^^ X I0-'
Fiaure 1.4. Kurata-Stockmayer plot for isotactic poly(pen-
tene-1 ) 1-^°) . (Shown in the plot are three successive approximations
for g(a) as suggested by Kurata and Stockmayer. The values are shown
to converge rapidly. (A) toluene at 30°C. , first approximation;
(A) toluene at 30°C. , second approximation; (o) toluene at 30°C.
,
third approximation; () i-butyl acetate at 32.5°C., 6 temperature.
32.5°C., 6 temperature
'
Figure 1,6. Berry plot for isotactic poly(pentene-l ) ^
,
) toluene at 30°C.; () i-butyl acetate at 32.5''C., 0 temperature.
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equations. Equations 1.9-1.12, are only valid over a limited range of
u values^'*^^ As a result, it has been suggested ^^^^^hat these estima-
tion methods be used to compliment one another.
Values of derived from Equations 1.9A-1.12A from measurements
at temperatures greater than theta, as well as the experimental values
determined at the theta temperature, for several polymer-solvent systems,
are given in Tables 1.1-1.8. It is not our purpose to critically re-
view the various techniques for obtaining from data in non-theta
solvents, as this problem has been considered el sewhere^^^'^^^ However,
data analysis does indicate that the agreement between the experiment
and calculation is generally within 8%, and often the agreement is
better. This is of prime importance to those interested in stereoregular
polymers since estimations of in good solvents are far easier to ob-
tain than the corresponding values determined in theta solvents.
Stereoregular systems . Estimations of the unperturbed dimensions
(48 57-59)
of several polymers^ ' '^have been obtained by measurements in good
solvents using the extrapolation methods discussed in the previous sec-
tion. However, relatively few have been concerned with the unperturbed
dimensions of polymers of known stereoregularity. The data available on
stereoregular polymers is given in Tables 1.1-1.8. With the exception
of PMMA, data is scant for determinations of unperturbed dimensions in
non-e solvents. For PMMA the agreement is excellent among non-theta
estimation techniques discussed here. For other polymers where esti-
mates have been attempted, agreement is also satisfactory. For exam-
ple, the value obtained by the Stockmayer-Fixman method for syndiotac-
tic PP and that obtained by direct measurement at the o temperature
are
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in reasonable agreement. In addition, the data available for atactic
PMA (Table 1.8), shows good agreement between the values of obtained
by the Fox-Flory, Stockmayer-Fixman, and Kurata-Stockmayer methods, and
those obtained by direct measurements at the 0 temperature. Also, the
limited data available for isotactic PPT as interpreted here, shows
good agreement with those values determined in 0 solvents at the same
temperature. In general, values of obtained from the estimation
methods discussed here, have thus been shown to give good agreement
with the values as determined directly in theta sol vents^^^'^^^
Data Analysis
Dependence of dimensions on stereoregulari ty . Immediately obvious,
is the dependence of the unperturbed dimensions on the stereoregularity,
For PMHA, the values for the isotactic form are 'x^BOX larger than
those of either the atactic or syndiotactic forms. Although only
limited data is available for PB-1, indications are that the isotactic
form is ^40% larger. For PIPA and PPT, the isotactic form is '^25%
larger than either the atactic or syndiotactic forms. Although the
isotactic content of PMS is not high (~11% isotactic triads), the
"isotactic" polymer is ~10% larger than the syndiotactic form. No
data is available for syndiotactic PS. However, the isotactic form
does exhibit a 25% larger than the atactic form. On the other
hand, the data for PP, although considerably scattered, appears to
indicate that for the syndiotactic and atactic forms is larger than
that of the isotactic form by 25%.
to
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Eiw_^nai^. Due to the errors inherent in the methods used
obtain K^, the values are believed to be accurate to +10%. The ob-
served differences of ,25% are therefore considered real. However,
a question that arises on comparing unperturbed dimensions, as obtained
by solution studies, is to what extent the differences observed are
manifestations of specific effects of solvent or temperature, as
pointed out in the previous section. Another problem which arises on
trying to compare the dimensions of stereoregular polymers is that of
insufficient characterization. It is likely that we are never dealing
with either 100% iso or syndiotactic forms. Consequently reported
differences between forms depend on the level of stereoregularity
.
For most data in Tables 1.1-1.7, there is no exact information on
stereoregularity. As a result, comparisons between experimentally ob-
served unperturbed dimensions of the stereoregular forms of these
polymers must be deemed as qualitative. As later shown, even trends
deduced from such data may be spurious.
Statistical Calculations
Flory^^^^ has shown that the unperturbed dimensions of polymers
may be predicted through statistical evaluations of molecular conforma-
tions based solely on the rotational isomeric model. These calculations
have been applied to stereoregular polymers with considerable success^^^^
Among the stereoregular systems for which statistical conformational
studies have been attempted are PMA^^^'^^^^ PMMA^^^^ P3(63,64)^ pp
(65,66)^ pp-^(63)^ PBT^^-^^ and PMS^^^^ The results of these calcula-
tions for thepolymers in Tables 1.1-1.8 are shown graphically in Fig-
ures 1.7-1.12. These plots are the result of employing Monte Carlo
36
f
Figure 1.7. The characteristic ratio as a function of
stereotregularity, calculated for a system with R = (CH^j^CH^ (z > 1).
The parameters used are E*/RT = 2.3, E „/RT = 5±1 and A$ ^ 20°,
respectively. ^ "^^
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Figure 1.8. The characteristic ratios for Monte Carlo
chains of 100 units each as a function of f., the fraction of meso
dyads in the chain. The curve shown above t'^epresents results of
calculations carried out with E ,,/RT = E /RT = 5. From Ref. 63.
T 0)
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14
la
n
-+CH2-CH^
* 1 n
CH-
E,..= I500
E^=70
E^=500
10
14
12
fi
Figure 1.9. The characteristic ratios for Monte Carlo chains
of 200 units each as a function of f
.
, the fraction of meso dyads in
the chain. The curve shown above represents results of calculations
carried out for a temperature of 140°C. with the conformational
parameters chosen as indicated, in caK mol."'. The experimental
values of Bovey and Heatley(85) (^) shown. From Ref. 65.
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n
0.5-1.2
4
f
0 0.2 0.4 0.6 0.8
4
1.0
Figure 1.10. The characteristic ratios for Monte Carlo chains
of 200 units each as a function of f
^ ,
the fraction of meso dyads in
the chain. The values of E^^ and Eg in that order, in Kcal . mol.-l, arp
marked on the curves. The experimental values of Cowie and Bywater(81)
(•), and Noda et al. (80) (a) are shown. From Ref. 67.
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n
f
Figure 1.11. The characteristic ratios for Monte Carlo chains
of 200 units each as a function of F-, the fraction of meso dyads in
the chain. Curves are shown for (a) E - 1.0, Eq - -0.6, and 6 =
and 0 - 55
,
energies being Kcal
. mol."'. The experimental results
of various authors are represented by points as follows; Katime et al(A)v5j Katime and Roig (y)^/^), Sakurada et al . (m) (70) Fox
^)ftQ? ' Drause and Cohn-Ginsburg () (76), chinae and Valles(A)ioyi, Vasudevan and Santappa () (69). From Ref. 44
Figure 1.12. The characteristic ratios for Monte Carlo
chains of 200 units each, plotted as a function of f
.
, the fraction
of nieso dyads. Curve (a) E = -0.5; curve (b) E = -0.3; and
curve (c) E - -0.1. E = 2.8; E . = 2.2; E^n • = 1.6; E =
1.0; Ep = 0.3; T = 300 K. All energies are in kcal mol-T. The
experimental values for atactic PMA given in Table 8 are estimated
to correspond to 49-56% isotactic dyads, as estimated from the work
of Matsuzaki et al . (94).
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.ethods to generate chains of 200 units with rando,,, sequencing of .eso
and race,„ic dyads. The piots consist of C^, the characteristic ratio
for a chain of length n. versus f., the fraction of ,„eso dyads. Where
experimental data are available, the results are also shown on the ap-
propriate plot. It is Obvious however that the data available for
polymers of known stereoregularity is insufficient to offer a sensitive
test of these theoretical results. However, one interesting feature.
as pointed out by Flory et a1 ^^^^ ic fh^ f.r^^ +u ^ ^^ fc^L di.
,
IS the fact that for all vinyl poly-
mers (-CH2
- CHR-). the theoretical curve has a convex shape, whereas
for all vinylidene polymers (-CH^ - CR^R^-), where R^ f R^, the theor-
etical curve has a concave shape. This indicates that for the vinyli-
dene polymers a few percent stereoirregularity results in an extension
of the chain, whereas for the less sterically hindered vinyl chain a few
percent stereoirregularity results in a decrease in the dimensions.
Discussion
Much has been learned from both theoretical and experimental
studies of the conformations of polymer chains. It is obvious however
that one cannot advance without the other. That is, good sound theor-
etical studies depend entirely on good experimental studies, and vice
versa. In the case of the effect of stereoregularity on the unper-
turbed dimensions, it is obvious that considerable experimental work
is needed in order to substantiate the theoretical results. However,
advancements in both synthesis and characterization should result in a
considerable improvement in our understanding in this area.
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CHAPTER II
SYNTHESIS AND CHARACTERIZATION OF STEREOREGULAR
POLY (METHYL METHACRYLATE
)
Introductio n
Discussion of the preparation and characterization of the stereo-
regular poly (methyl methacrylate) samples used throughout the rest of
this dissertation is the purpose of this chapter. Eight different
samples of poly (methyl methacrylate) were used in this work. Three of
these were obtained commercially, and the remaining samples were synthe
sized according to the procedures outlined in this chapter.
Characterization of all samples included infrared analysis, and
1
3
C-NMR for tacticity determination; molecular weight analysis by gel
permeation chromatography coupled with on-line low angle laser light
scattering photometry; and thermal analysis for the effect of tacticity
on the glass transition temperature using differential scanning
calorinietry.
Preparation of Stereoregular Poly
TMethyl Methacrylate)
The preparation of different stereoregular forms of "vinyl" poly
mers is a subject which has received considerable attention.
^
Consequently there are often several different methods for producing a
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desireiste.eoregu,arfo™ofapcly.e..
In particular, pC, ,„,eth„
.nethacrylate) 1s one pc,,„,er which has been studied extensively and
numerous synthetic methods have been proposed for obtaining different
stereoregular forms. '^'^) T;ihip o ^ aable 2.1 describes briefly the methods
used in this wor. in order to obtain a series of poly (methyl methacry-
late) samples of varying degrees of stereoregular perfection. Three of
t-he ei,ht stereoregular PMMA samples listed in Table 2.1 are available
commercially. Sample 1 is a syndiotactic polymer available from
Polysciences Corporation, Warrington, Pennsylvania. Samples 2 and 3 are
conventional "atactic" polymers available from Cellomer Associates,
Webster, New York. The remaining five samples were prepared in this
laboratory using the procedures described in this chapter.
^^^^^- P^^P^^^^^'Q"
--
As normally supplied, acrylic esters are inhibited
to enhance their storage stability. In the case of the methyl methacry-
late monomer used in this work, Aldrich Chemicals Inc., Milwaukee,
Wisconsin, 65 ppm of hydroquinine monomethyl ether is incorporated as an
inhibitor. The removal of this inhibitor is necessary before polymeriza-
tion can be carried out and is readily accomplished by alkaline extrac-
tion. Since the monomer is inhibited with very small amounts of
inhibitor, 65 ppm, three extractions with equal volumes of 10% aqueous
sodium hydroxide was usually found satisfactory. In the case of the
hydroquinone inhibor used in MMA, the progress of the extraction is
readily followed since the solution of the sodium salt of hydroquinone
is inte.isely colored. Therefore, caustic extractions are simply con-
tinued until the aqueous layer is colorless. The monomer is then washed
50
Synthesis and Chcuacturization of Stereorcgular PMMA
No. Initiator Solvent
NMR
( triads)
i h s
NMR
(dyad
I
s)
S Ref.
1 if *
5 20 75 15 85
2 ** * *
5 37 58 23 77
3 * is-k ** 5 37 58 23 77
4 Thermal None 210 15 42 43 36 54 7
5 9-Fluorenyl
Li thium
Toluene -40 76 16 8 83 17 8
6 n-Butyl
Li thium
Toluene 30 76 16 8 83 17 2
7 LIAlll^ Diethyl
Ether
30 90 4 6 92 8 3
8 PhMgBr Toluene 0 100 0 0 100 0 1
Syndiotactic PMMA (Polysciences)
Conventional PMMA (Cel lomer Assoc.
)
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with water until the water layer has the pH of normal water. Finally,
the monomer is dried over magnesium sulfate and filtered. To insure that
the monomer was totally free from moisture it was then stored over
calcium hydride, CaH^, overnight. Distillation from CaH^ was then
carried out under vacu.m, about 20mm, and the pure monomer collected at
40-41«C. The monomer was then used directly in the polymerization and
was not stored for any length of time.
Preparation of samples 4, 5, 6. 7.
SamRlLA. It has often been noted ^^'"^^ that PMMA prepared by con-
ventional free-radical techniques, at 50-100°C, and generally referred
to as "atactic," contains appreciable amounts of syndiotactic sequences.
Consequently, there have been several attempts to prepare a truly "atac-
tic" PMMA in which the sequence placement is random. These have
included free radical polymerization at elevated temperatures, ^^'^^
esterification of cyclopolymerized poly (methacryl ic anhydride)
,
and anionic polymerization in solvating media with initiators less ef-
fective in producing stereoregular PMMA.^^^ The method used in this
work involves free-radical polymerization initiated thermally at high
temperatures
.
Methyl methacryldte of high purity (see section on monomer) was
deaerated by successively freezing and thawing. The MMA monomer was then
polymerized thermally in evacuated sealed ampoules in a constant tempera-
ture silicone bathat210°C for 4 hours. The tube was then cooled
rapidly by placing it in an ice bath and then opened and precipitated in
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hexane. The precipitate was then washed with methanol to remove mono-
mer and oligomers.
Sam£l^. Steric interactions along the PMMA chain result in a
preference in stereo placement in the polymer chain. That is, MMA in-
herently exhibits a preference for syndiotactic placement. This pref-
erence is inversely proportional to temperature since at low tempera-
tures the process becomes less random. This is apparent in the room
temperature free radical polymerization of MMA which has been shown
(2 4)
to yield predominately syndiotactic sequences. In addition, one
(2)
method often used^ to produce highly syndiotactic PMMA involves photo
initiation at very low temperatures. As a result of the inherent pref-
erence for syndiotactic placement, some means of coordination are
necessary in order to obtain an increase in the isotactic content.
Several solvent-initiator systems have been proposed for the
preparation of isotactic PMMA. A primary difference in these systems
concerns the degree of isotactic placement. The system chosen for
sample 5 was tol uene-9-f 1 uorenyl lithium which is known^^^ to produce a
moderately isotactic sample (83% isotactic dyads).
9-fluorenyl lithium . Toluene was refluxed over CaH^ for four
hours and then distilled. Two hundred ml of the dried toluene was
added to a three neck flask and nitrogen bubbled through for one hour.
Next 8.5 gms. ( .051 moles) of fluorene was added followed by 31 ml.
(.049 moles) of a 1.6M solution of n-butyl lithium in hexane. The
rt>action mixture was then refluxed for one hour and 9-fluorenyl lithium
separated as an orange powder. The initiator was then used in subse-
quent reactions as a slurry in toluene (.245 M).
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Pol^j^xeearatkin. Nitrogen was bubbled through a fixture of
300 ml. dry toluene and 25 ml. purified MMA (.228 moles) for two hours
to remove dissolved oxygen. The contents were then cooled to -40\
and 7 ml. of the .245 M suspension of 9-fl uoreny, 1 ithi.n in toluene was
added. After five minutes the reaction mixture turned to an extremely
viscous mass and stirring was continued for one hour. Next the reac-
tion mixture was precipitated into 2500 ml. of methanol. The pre-
cipitate was then purified by dissolving in 800 ml. of tetrahydrofuran
followed by precipitation in Petroleum Ether (B).
Sam£le_l^ Another solvent-initiator system which is also known
to yield moderately isotactic PMMA involves n-butyl litium in toluene
at 25°C.^^^ The n-butyl lithium was obtained as a 1.6 M solution in
hexane from Aldrich Chemicals.
Nitrogen was bubbled through a mixture of 300 ml. of toluene and
30 ml. (.28 moles) of MMA for two hours to remove dissolved oxygen.
Then 1.7 ml (.0027 moles) of n-butyl lithium was slowly added to the sys
tern. The reaction mixture was then stirred for six hours at room temp-
erature. The polymer was recovered by precipitation into a large volume
of methanol and purified by reprecipitation.
Sample 7
. It is well known that solvent plays a very important
role in stereoregulation. That is, in highly polar media coordination
(1 3)
catalysts have been shown^ * ' to yield syndiotactic polymers whereas
in hydrocarbon solvents the same catalyst will yield isotactic poly-
(3)
iiiers. This concept was applied by Tsuruta et al.^ ' who showed that in
hydrocarbon solvents LiAlH^ produced a 100% isotactic polymer whereas
in more polar solvents the degree of isotactic placement was reduced.
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We used this same method to obtain c^.nmio i u- uu D sample 7 which contained 92% isotac-
tic dyads.
'
Lithium aluminum hydride. LiAlH^, was used after purification by
dissolution, decantation and filtration in diethyl ether. Nitrogen was
bubbled through a mixture of 200 ml of diethyl ether (anhydrous) and
30 ml (.28 moles) of MMA for two hours to remove dissolved oxygen.
Then
1 mole % LiAlH, was added and the reaction mixture stirred for six
hours. The reaction was quenched by adding a small amount of methanol-
hydrochloric and to the reaction mixture. The polymer was then re-
covered by precipitation into a large volume of methanol and purified
by subsequent dissolution and reprecipitation.
Sam2ie_8. There are several proposed methods^ ^ '^'^^ to obtain a
highly isotactic PMMA. One method which is particularly simple involves
using a Grinard reagent, PhMgBr, in toluene at 0°C. This method has
been shown^ ^ '2'^'
^
^
) to yield 100% isotactic polymer with no measure-
able syndiotactic sequences.
Nitrogen was bubbled through 300 ml of toluene for three hours.
The flask was then cooled to 0°C. and 2 ml of 2.9 M (.0058 moles)
PhMgBr was added with stirring. Next 15 ml (.15 moles) of MMA was
added dropwise from an addition funnel. The reaction mixture turned a
milky yellow and was mixed for a total of four hours at O^C. The con-
tents were then poured into three liters of petroleum ether (B) and the
precipitate collected by filtration.
Analysis of the product by gel permeation chromatography revealed
a polymer with a trimodal distribution. It is believed that the tri-
modal distribution was a result of the fact that both homogeneous and
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heterogeneous initiation occurred as well as the production of cyclic
oligomers. The polymer was therefore fractionated by precipitation
methods
.
Stereoreqularity Determination
Carbon-13 nuclear magnetic resonance spectroscop y. Carbon-13 NMR is
a particularly useful tool in the study of stereoregular structures of
polymers. Interpretation of chain tacticity is based on the original
(2)
work of Bovey and Tiers^ '
.
The three possible steric configurations
of PMMA are shown in Figure 2.1 where R is the group -COOCH^. Three
consecutive monomer units in a chain are considered to define a con-
figuration called a triad. In the structures shown, the u-methyl
carbon will absorb radiation at a certain frequency, however, this fre-
quency will be different for each of the three kinds of triad because
the environment of the u-methyl group in each is different. For PMMA,
we observe resonances at p = 22.06, 19.01 and 16.55 ppm, which were
assigned to the isotactic, heterotactic, and syndiotactic triads
respectively. Figure 2.2 shows ^^C-NMR results for the a -methyl reso-
nance of PMMA for six different stereoregular forms. The differences
between the samples is immediately obvious from the intensity of the
three resonances. The values reported on the right in Figure 2,2 are
dyad tacticities, that is, the percent of isotactic dyads, I, in the
chain where:
I = i + 1/2 h
and i is the fraction of isotactic triads and h, is the fraction of
heterotactic triads. We also may then define the fraction of
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H H fH H H H
C\ C'^ ^ ISOTACTIC
CH3^ CH3^ CHo^
H H hi H H H
/C^^/C^^/C^ SYNDIOTACTIC
H H H H H H
/ HETEROTACTIC
Figure 2.1. Stereoregular triads for poly(methyl metha-
crylate) where R = -COOCH..
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i
1
Figure 2.2. ^^C-MMR analysis of stereoregular poly(methyl methacrylate)
.
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syndiotactic dyads as:
S = s + 1/2 h
Spectra were obtained on 25% (w/v) solutions of polymers in
^deuterochlorform, 2 rnl of solution being placed in 8 mm tubes. A
Varian CFT-20 spectrograph was employed fitted with a ^^C probe.
Tetramethylsilane was used as an internal reference.
infrared^^s. In addition to NMR, infrared spectroscopy is also
a useful method for characterizing the degree of stereoregul ar per-
fection. Years before NMR was used on a routine basis tacticity
measurements were performed using J values as measures of tacticity.
Basically a J value between 25 and 30 indicated an isotactic sample
and a value between 110 and 115 indicated a sydiotactic polymer. Un-
fortunately IR has never been able to give the quantitative assign-
ments of tacticity available from NMR.
The infrared spectra of the different steroregular forms of PMMA
are similar, but the differences are significant and are related to the
differences in stereoregul arity. Two frequencies which have been used
to determine tacticity are the bands at, 1063 cm"^ and 1377 cm"^^^^'
Figure 2.3 shows the IR absorbance spectra of two different stereoreg-
ular forms of PMMA. The ratio of the absorbance of the two peak as a
function of tacticity is shown in Figure 2.4 (Table 3.2), where the
13
exact tacticities were determined by C-NMR as described in the pre-
vious section. The absorbance was determined by drawing a baseline
from the minimum on either side of the peak in question, and measuring
the verticle distance from the peak maximum. Having determined the
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Figure 2.4. Infrared absorbance as a function of
stereoregular composition.
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Table 2.2. Infrared Analysis of SLereurecjular PMMA.
Dyad
SaiiijDle No.
Tactici ty
I S ^1063/^1377
^1 ^2 J MW
8b 100 0
.05 40.8 15.4 28.0 7.0x10^
bd 83 17
.14 53.3 29.4 41 .3 4.2x10^
6b 83 17 .13 45.8 39.0 42.4 5.4x10^
6d 83 17 .17 53.0 40.3 40.3 2.7x10^
5b 83 17 .12 63.2 25.5 44.4 3.2x10^
4d 35 65 .50 110.7 88 .
5
94.6 1 .8x10^
2 23 77 .62 134.4 94.4 114.4 1.1x10^
3 23 77 .67 133.6 96.5 115.1 3.5x10^
1 15 85 .89 137.2 97.8 117.5 3.2x10^
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relation between the absorbances and tacticity, the tacticity can then
be determined simply by IR analysis and the calibration curve,
Figure 2.4.
An alternate method usi ng an empirical parameter called a J value
has also been used as described earlier. The J value is simply the arith-
metic average of the parameters and which in turn are defined as:
^1 = t^79 (A^o75/AggQ)] . 27
J2 = [81.4 (A^48l/^389)] " ^3
The J value as a function of tacticity is shown in Figure 2.5 (Table
2.2), where the exact tacticities again were determined by ^"^C-NMR as
described in the previous section.
It should be noted that in the sample numbers used in Table 2.2,
i.e., 6a, 6b and 8a, 8b, etc., the number, in this case 6 or 8, refers
to the sample described in Table 2.1 and therefore describes the method
of synthesis and the tacticity. The subscript a or b refers to a dif-
ferent fraction which will differ only in molecular weight and not in
tacticity. The last column in Table 2.2 shows the exact molecular
weight as determined by GPC/LALLS.
Thermal Analysis
Since the development of techniques for the synthesis of stereo-
regular vinyl polymers, there has been interest in studying the effect
of stereoregularity on the physical properties of these polymers. It
was first noted by Shetter^^^^ that the glass transition temperature,
Tg, was dependent on the tactic content for PMMA. Later, Karasz and
140
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Figure 2.5. Infrared determination of tacticity using the J val
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MacKrncjht^lS) showed that this was a general trend for vinyl polymers
Of the type (-CH^CXY-)^ where neither X or Y is hydrogen. This is in
sharp contrast to monosubstituted vinyl polymers where either X or Y
is hydrogen, and tacticity has essentially no effect of Tg.
In light of this, measurements were made on the Tg of all poly-
mers used in this dissertation. Figure 2.6 shows a plot of Tg versus
the percent isotactic dyads in the chain as measured by ""^-NMR. The
solid circles represent the midpoint of the transition and the brackets
on either side represent the beginning and end of the transition. It
is immediately obvious that the highly isotactic samples have narrower
transitions than the syndiotactic polymers indicating a higher degree
of stereoregular' perfection.
All measurements were made using a Perkin-Elmer DSC-2. The heat-
ing rate was 20''C/ml for all samples. 10-20 mg samples were used in
each case.
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Figure 2.6. The effect of tacticity on the glass transition
temperature*
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CHAPTER III
MEASUREMENT OF THE SPECIFIC REFRACTIVE INDEX INCREMENT
Introduction
The specific refractive index increment of a polymer in a given
solvent and at a particular temperature is a parameter which must be
known in order to measure the molecular weight by light scattering
methods. Equation 3.1 shows the relation used to calculate molecular
weight from light scattering measurements.
Kc 1
= j^ - + ^A^c (3.1)
u w
Here c is the concentration, A^ is the second virial coefficient, R^
is the Rayleigh ratio, M^ is the weight average molecular weight and
K is the optical constant which includes the specific refractive index
i ncrement.
K - (2im^/A^N)(dn/dc)^(l+cos^o) (3.2)
wnere, n is the refractive index of the solvent, A is the wavelength
of the light, N is Avogadro's number, 6 is the angle of measurement
and dn/dc is the specific refractive index increment.
The purpose of this chapter is to present measurements of dn/dc
for the polymers used throughout this dissertation. This includes
measurements on three different polymers; polystyrene, PS, poly-
(iiiethyl methacrylate)
,
PMMA, and poly(vinyl acetate), PVAc. In the
6/
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section on PS the effect of molecular weight on dn/dc is assessed.
For PMMA we include a study concerning the effect of tacticity on
dn/dc, and for PVAc we investigate the effect of branching on dn/dc.
Backgrou nd
The determination of the differential refractive index is
accomplished by measuring the deviation of a light beam passing
through a divided cell composed of adjacent solvent and solution
compartments. The beam deviation is proportional to the difference
in refractive index. An, between the solvent and the solution. To
calculate An, the beam deviation is multiplied by a calibration con-
stant. The calibration constant is determined from measurements of
standardized solutions of known solute concentration for which An
values are known (see next section on Calibration).
The quantity required for light scattering molecular weight
determinations is the differential change of solution refractive in-
dex with solute concentration, c, at infinite dilution, (dn/dcl^^^.
the dn/dc of a sample is the result of determining An for a series of
solutions of different concentrations and then plotting An/c versus
c. Extrapolation to c^O yields the value of dn/dc to be used for the
calculation of molecular weight.
Cal i brat ion
To permit calculation of the change in refractive index from
the angular deviation measured, the KMX-16 must be calibrated. This
was carried out using aqueous solutions of sodium chloride at 25"C,
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since Kruis(^^ has previously measured the refractive indices for
this system at a number of wavelengths. The data of Kruis was used
by the manufacturer, Chromatix, Sunnyvale, California, extrapolated
to 633 nm and rearranged to yield Equation 3.3 from which An can be
obtained from knowledge of the concentration, c, where c is in units
of gms NaCl/100 gms H^O,
An = [1740 + (1.63c - 30.85)c]c ' (3
and An is given in units of 10~^R.I.
The calibration constant, K, for the instrument is found by
dividing the An value for a given NaCl concentration by the deviation,
AX, measured for that concentration. The K values obtained for the
K = An/Ax (3
different NaCl concentrations were the averaged. Table 3.1 shows the
data obtained for eight different concentrations of NaCl ranging from
to 2 gms/100 ml H^O. The average value obtained was 1.3787 x 10"^.
Specific Refractive Index Increments for Polystyrene
as a Function of Molecular Weight
The specific refractive index increment, like many properties
of polymers, is expected to reach an asymtotic limit at a certain
molecular weight. Before work could be performed with certainty on
PMMA and PVAc it was necessary to first determine at what molecular
weight dn/dc reached its limiting value. Polystyrene was chosen for
this study since it is available in well characterized samples for a
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Table 3.1. Calibration of KMX-16 Using Sodium Chloride
Concentration Difference
(gms/lOOgiiis H^O) (L-R)c An (x 10^)
0.42992 5716.3 742.49 5296.5 1 .4018
0.69156 9004.2 1189.09 8584.4 1 .3852
1 .03762 13232.7 1774.06 12812.9 1 .3846
1 .43662 18159.8 2440.88 17740.0 1 .3759
1 .55643 19823.0 2639.60 19403.2 1 .3604
1 .66019 20940.2 2811.16 20520.4 1 .3699
1 .69476 21221.3 2868.21 20801 .0 1.3789
2.07524 25868.1 3492.63 25448.3 1 .3724
AX =
An =
R =
(L-R)^-(L-R)^
[1740.0 + (1 .63c - 30.85)c]c
1.3787 X 10"'^
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wide range of molecular weights.
All measurements were made using the Chromatix KMX-16 laser
differential refractometer
,
using Tetrahydrofuran
, Fisher Certified,
at a temperature of 25X. Sample concentration ranged from 2 to 5 gms/
liter. All samples were narrow distribution PS samples available from
Pressure Chemical Co.
Table 3.2 lists the data obtained on eight PS samples ranging
in molecular weight from 6.0 x 10^ to 1.8 x 10^ Each value for dn/dc
given in column 3 is an average of ten measurements at the particular
concentration. Figure 3.1 shows the same data plotted as dn/dc ver-
sus concentration. It is immediately obvious that dn/dc is indepen-
dent of concentration in the range of interest. As a result, we
chose to use the arithmetic average rather than extrapolate to c=0.
Column 4, in Table 3.2 lists the average values obtained for the eight
PS samples. These average values are shown plotted as dn/dc versus
log MW in Figure 3.2. It is obvious that dn/dc reaches its limiting
value at a molecular weight of approximately 2.0 x 10^. Figure 3.3
shows the same data plotted as dn/dc versus the reciprocal of mole-
cular weight. The linear dependence (Figure 3.3) expected for any
relation which reaches a limiting value (Figure 3.2) is obtained.
Specif ic Refracti ve Index X'l*^J^in?n.^L._f
Stereoregu l ar Po ^y[\1ethy^ Methac rylatel
In this section the results of dn/dc measurements for the stereo-
regular PMMA samples listed in Table 2.1, Chapter II are discussed.
Importatitly , we have found a measurable change in dn/dc with tactic
72
Table 3.2. Specific Refrictiv.- Index Increments for Pol ystyrene
Polystyrene
Molecular Weight
Concentration
(giiis/iiil )x 10-^
An/c
(ml /gin)
An/c (nil/yni)
Average
6.0 X 10^ 2.6560
3.9860
5.3142
. 1 69
1
.1691
.1686
.1689
2.1 X 10^ 2.1160
2.2250
3.0900
3.6391
3.6480
5.3990
.1808
.1795
- 1 / yo
.1794
.1806
.1790
.1799
1.0 X 10^ 2.3540
2.5160
3.8490
4.0240
5. 2260
.1832
.1831
.1820
• 1 O O -7
.1832
.1831
2.0 X 10^ 2.5200
3.0720
6. 1450
.1852
.1845
1845 IP/It;
1.1 X 10^ 3.5035
3.7140
7. 0070
.1848
.1839
1849
, 1 OHO
2.33 X 10^ 2.3100
4.8360
4.8360
5.6670
.1840
.1838
.1838
.1841 .1839
4.98 X 10^ 3.0120
3.8420
5.5640
.1845
.1845
.1842 .1844
1.8 X 10^ 1 .6680
2. 5500
4. 1530
4.9120
.1855
.1842
.1848
.1845 .1848
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Figure 3.1. The specific refractive index increment as a
function of concentration for several different molecular weight
samples.
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content of the chain.
A Chromatix KMX-16 differential refractometer, which uses a He-
Ne laser operating at a wavelength of 633 nm, was used. All measure-
ments were made at 25°C in tetrahydrofuran. Fisher Certified. The
refracto-neter was calibrated at 25°C by aqueous solutions of NaCl as
described in the section on calibration.
Table 3.3 contains the data obtained on eight stereoregular
PHMA samples which represent six different tactic forms for this
polymer. Column 2 in the table lists the dyad tacticities as cal-
culated from triad tacticity using the a-methyl resonance as described
in Chapter II. Concentrations ranged from 2 to 5 gms/liter and are
given in column 3, Table 3.3. Again, each of the dn/dc values listed
for a specific concentration in column 4 is an average of at least 10
measurements. All the measured values of dn/dc for the various
stereoregular compositions of PMMA were found to be independent of
concentration, within experimental error, as Figure 3.4 shows. As a
result, we chose to use the arithmetic average rather than extrapolate
to c=0.
Figure 35shows the results graphically, plotted as dn/dc versus
the percent isotactic dyads in the chain. The difference in dn/dc is
shown to be up to about 5% over the limits of the two stereoregular
forms; .0841 for the entirely syndiotactic chain to .0885 for the
isotactic polymer. Moreover, this difference is believed to be sig-
nificant since the square of this term is used in the optical constant,
K, (Equation 3.2) required for the calculation of molecular weight.
This change can thus result in an error as high as 10% in the calculated
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Tactici ty
(gms/inl) X 10-^ (,ni/gn,) Average
^5 2^ 4.2784
.0845
2.8522
.0849
2-1392
.0840
1-^261
.0842
.0844
'^^ 5.1032
2
.0842
5.0550
.0849
4.7780
.0842
3.82740
.0840
3.6110
.0845
3.3700
.0843
2.5516
.0849
2.5270
.0849
2.3890 .0837
23 77 5.1872
.0858
5.1404
.0857
3.8904
.0857
3 3.8553
.0854
3.4581
.0856
2.5936
.0848
2.5702
.0859
.0855
4a
35 65 3.6936
.0858
2.7702
.0856
1 .8468 .0869 .0862
83 17 6.7390 .0882
6.0728 .0894
5b 4.6970 .0888
4.5546 .0900
3.0364 .0901
1 .9490 .0863 .0885
83 17 5.7946 .0879
5.7642 .0879
4.6114 .0883
6b 3.8428 .0881
2.8973 .0887
2.8821 .0876
1 .9315 .0887 .0882
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TABLE 3.3 (continued)
Sample
No.
Tactici ty
(dyads)
I S
Concentration^
(gms/ml) X 10
An/c
(inl/gm) Average
7
98 8 4.1504
.0877
3.4587 0876
2.0752
.0874
1 .1858
.0878
.0876
8b
100 0 5.0684
4.0298
3.8013
3.0220
2.6865
2.5342
2.0149
.0877
.0891
.0887
.0881
.0886
.0879
.0887
.0884
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weight average molecular weight if the correct dn/dc is not used for
a particular stereoregul ar composition.
Discussion
It is believed that this may be the first reported study which
encompasses a wide range of stereoregular polymers and shows a
significant and systematic change in dn/dc with stereoregularity
.
Previous studies in different solvents and at different temperatures
have nonetheless inferred the possibility of a dependence of dn/dc
on stereoregularity. However, previous data is somewhat limited as
well as contradictory. For example, the same value of dn/dc is re-
ported for atactic and isotactic poly(isopropyl acrylate) in 2, 2, 3,
3-Tetrafluoropropanol whereas significant differences among the
values for atactic, isotactic and syndiotactic forms of PMMA have been
found. ^^'^^ For example, Schulzet al^^^ report a decrease in dn/dc
with increasing isotactic content for solutions of PMMA in n-butyl
chloride at both 25 and 50°C. Whereas, Bello and Guzman^^^ report
an increase in dn/dc with increasing isotactic content for PMMA in
toluene at 25°C (see Table 3.4).
Calculation of the specific volume . In a polymer solution, the
specific refractive index increment, dn/dc is related, according to
Outer, Carr and Ziiiim^^^, to the specific volume of the polymer, V^,
and the difference in refractive index between the polymer, n2 and
the solvent, n (see Equation 3.5).
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rABLL 3.4: Specific Refractive Ind
i-Lh^L Metfmcr]^Td te
)
t-'x Incceiiientb tur Slere0 regular
Samp I
e
No.
Tactici ty
I S
1
2
3
4a
5b
6b
7
bb
dn/dc
lb
23
23
36
85
85
91
lUU
85
77
77
54
15
15
9
0
Syndiotactic
Atactic
Isotactic
Atactic
Isotactic
Syndiotactic
Atactic
Isotactic
.0844
.0845
.0855
.0862
.0885
.0882
.0870
.0884
Sol vent
TIIF
TIIF
THF
IMF
TIIF
TIIF
THF
THF
Temp
2
25
25
25
25
25
25
25
A (mil)
633
633
633
633
633
633
633
633
Ref
this work
.1001 n-butyl 50 436 8
chloride
.1021 n-butyl 50 436 8
chloride
.0965 n-butyl 50 436 8
chloride
.0931 n-butyl 50 436 8
chloride
.0902 n-butyl 50 436 .'8
chloride
.007 Tol uene 25 436 9
.010 Tol uene 25 436 9
.014 Tol uene 25 436 9
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'"/'^
= (V^) (3.5)
Indeed, this relation has been shown^^) to yield useful estimates of
dn/dc from the refractive indices of the solvent and the specific
volume and refractive index of the polymer. Others^^'^.S)
^^^^ ^^^^^
the method useful in estimating the partial specific volumes of poly-
mers from measurements of dn/dc and n^. However, Huglin^^^ has sug-
gested that values obtained from this relation are generally in poor
agreement with experiment since one is essentially estimating a solu-
tion parameter, dn/dc, from measurement of parameters in the solid
state, that is, refractive index and specific volume.
As a check on the relation, and to see if our measured change
in dn/dc with tacticity could be interpreted in terms of the parameters
in Equation 3.5, we measured for our stereoregular PMMA samples.
This was accomplished quite simply by using a microscope, and a set
of immersion oils. Basically, when a polymer and the surrounding
medium have exactly the same refractive index, no line of demarcation
will be observable, and the object will appear invisible. The
immersion oils used in our measurements were obtained from Cargille
Laboratories, New Jersey. For these oils the refractive index at
three different wavelengths, 589, 486, and 656 nm, are supplied by
the manufacturer. These values were then extrapolated to 633 nm
using a Cauchy equation of the following order:
n = A + B/A^ (3.6)
where n is the refractive index of the solution, x is the wavelength
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Of light and A and B are constants. The n, values obtained
.anged
1.490 for the 15. isotactic po,„„e., sa,„ple 1, to ,.500 for the
100% isotactic polymer, sample 8. Table 3.5 „sts the n^ values ob-
tained for each of the stereoregular PHMA samples. No value was
Obtained for sample 4 because sufficient quantity of this polymer
was not available to press a film for refractive index measurement.
In addition, Figure 3.6 shows graphically the change in n, with tactic
content of the chain.
Using the refractive index values listed in Table 3.5 along
with our dn/dc values, and the refractive index of THF as 1.405, we
predict values for the specific volume ranging from 0.931 for sample
1 to 0.993 for sample 8. These values, (see Table 3.5) are in
sharp contrast to those reported by Bywater and Toporowski
, who
found values ranging from 0.810 to 0.843 gm/ml (Table 3.4, Column 6).
Figure 3.7 shows a comparison of the specific volumes calculated
according to Equation 3.6, open circles, and those measured experiment,
ally, solid circles.
The primary reason for the disagreement between the V values
s
calculated from Equation 3.5 and those measured experimentally lies
in the use of quantities pertaining to the bulk polymer rather than
the more appropriate values in solution. That is the partial specific
volume, and the refractive index of the solute in solution. The
basic premise of Equation 3.5 is believed to be correct. While
quantitative agreement is not obtained for the reasons discussed,
qualitative agreement for the change in specific volume with tacticity
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TABLE 3.5: Estimation of the _S|wjfir- Vol uine
Sampl
e
No.
8b
7
5b
4a
2
1
Tacticity
I S
100
92
83
35
23
15
0
8
17
65
77
85
dn/dc
(ml/gm)
n
0884
0876
0882
0862
0845
0844
V^(ml/gm) V^(inl/gm)
(predicted) (From Ref. 10)
1 .500
.931
.810
1 .498
.942
.817
1 .498
.948
.820
* *
.836
1 .490
.994
.840
1 .490 .993
.843
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is apparent.
The quantity dn/dc which has the dimensions of cmV^ is a
measure of the specific volume, (or more appropriately as demonstrated
here of the partial specific volume), of a solute. The same applies
to the intrinsic viscosity, [n], which has the same dimensions. The
information obtained from dn/dc and [n] is, however, both numerically
and phenomenologicaily different; the latter is a measure of the
hydrodynamically effective volume, and the former is a measure of the
optically effective volume. Whereas the two quantities cannot be
readily compared the information obtained from them can be complimen-
tary. For instance, in Chapters IV and V we have shown that the
intrinsic viscosity, a measure of the hydrodynamic volume, for an
isotactic sample is higher than for a syndiotactic sample of the same
molecular weight. This is qualitatively reflected in the increase in
dn/dc, the optically effective volume, which also is higher for the
isotactic PMMA. However, the actual value will also depend on the
difference in refractive indices between the solute in solution and
the solvent, a parameter which will depend on the functional groups
present in both the polymer and the solvent.
Specific Refractive Index Increments for Branched
Poly(vinyl acetate)
In this section the results of dn/dc measurements for the
branched PVAc samples used in Chapter VI are discussed. Importantly,
we have found a small but measurable change in dn/dc with branching
density.
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As in all the work discussed in this chapter a Chromatix KMX-16
differential refractometer was used. All measurements were made at
in tetrahydrofuran, and the refractometer was calibrated as
described in the section on Calibration.
Table 3.6 contains the data obtained on 4 different PVAc samples,
labeled A, B, C & D. Chapter VI describes the preparation and
characterization of these samples. It suffices here to note that
samples A and B are more highly branched than C and D. Column 1 in
this table lists briefly the preparation of each sample. Column 2
lists the concentrations used in this work. In general, concentrations
ranged from 2 to 5 gms/liter except for sample D where concentrations
ranged from 0.4 to 1.5 gms/liter because of the limited availability
of this sample. Each of the dn/dc values listed in column 3 is the
result of at least 10 measurements. As in the case of PS and PMMA
dn/dc was again found to be independent of concentration. Consequently
the arithmetic average was used rather than extrapolate to c=0. The
average values obtained are listed in column 4.
Figure 3.8 shows the results graphically plotted as dn/dc versus
concentration. The open symbols have been used for the less branched
samples and the filled in symbols for the more highly branched samples.
It is apparent that dn/dc is affected by the degree of branching in
PVAc. Whereas no measurable difference exists between samples A and
B or between samples C and D it is obvious that the more highly
branched samples exhibit lower dn/dc values.
These results are in qualitative agreement with those obtained
for stereoregular PMMA. That is, for PMMA, the tactic form which ex-
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TABLE 3.6: Specific Refractive Index Increments for Po1y(Vinyl Acetate)
Samp 1
e
Concentration^
(gms/ml ) x 10~^
An/c
(ml/gm)
An/c
Average
(ml/gm)
Original PVAc 5.4769
.0544
A 4.10768
3 65127
.0544
2.73845 054fi
Sheared PVAc 5.6632 .0545
B 4.2474
3.7754
.0542
.0549
2.8316 .0549 0546
Saponified and 3.9972 .0556
Reacetylated 2.9979 .0564
C 2.6648 .0557
1 .9986 .0558 .0559
Sheared and Saponi- 1.3142 .0561
fied and Reacety- 0.8123 .0557
lated 0.3877 .0562 .0560
D
X -7^
LU CQ O)
UJ
<
LU
GC
O
CJ
LU
CL
CO
^ 0600
UJ
QCO
0500
0
• ORIGINAL BRANCHED PVAc
SHEARED PVAc
A SAPONIFIED & REACETYLATED
SHEARED & SAPONIFIED & REACETYLATED
A
-A
0-1 02 0-3 0.4 0-5
% CONCENTRATION
Figure 3.8. The specific refractive index increment as a
function of concentration for branched poly(vinyl acetate).
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hibited the larger intrinsic viscosity also exhibited the larger dn/dc
value. For branched PVAc samples it is known^^^^ that branched samples
exhibit smaller dimensions, and consequently a lower intrinsic vis-
cosity, than linear samples of the same molecular weight. This fact
is also exhibited in the dn/dc values which are also lower for the
more highly branched samples, sample A and B. The difference is
however small, less than 1% between the samples used in this study.
Concl usions
In this chapter we have presented several important results
which are of primary concern to the remainder of the work in this dis-
sertation. In the first section we studied PS standards and determined
that dn/dc reached a limiting value at a molecular weight of about
42.0 X 10 . This data is of prime concern since from it we can be
assured that for all the polymers used in this work dn/dc will be
independent of molecular weight. In the second section we investigated
the dependence of dn/dc on the tactic content of the chain for PMMA.
It was observed that dn/dc changed by as much as 5% over the limits
of the stereoregular forms. This was deemed as being significant
since the square of this term is used in the optical constant, K, used
in the calculation of molecular weight. In the third section we
showed that dn/dc was measurably affected by the degree of branching
in PVAc. The change in dn/dc for the four samples studied was how-
ever smal 1 , less than 2%.
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CHAPTER I \l
MEASUREMENT OF THE UNPERTURBED DIMENSIONS USING
A GEL PERMEATION CHROMATOGRAPH COUPLED WITH A
LOW ANGLE LASER LIGHT SCATTERING PHOTOMETER
Introduction
In this chapter methods are developed whereby one can use the
distribution of the polymer in order to generate a series of values
for molecular weight, M^
,
and intrinsic viscosity, [n] • . After
i "I
demonstrating the agreement between values generated by this method
with those values determined by more conventional methods, (i.e.,
viscoiiietry and light scattering), the values are used to obtain
estimates of the polymers unperturbed dimensions. In this chapter
the method is demonstrated with two stereoregular PMMA samples. In
Chapter V these same techniques are applied to a complete set of
stereoregular PMMA's, and the data evaluated using numerous extra-
polation procedures. In Chapter VI these same methods will be used
in order to obtain a measure of the degree of branching in PVAc.
Experimental
The basic experimental apparatus used throughout the rest of
this dissertation consisted of a Gel Permeation Chroma tograph coupled
with an on-line Low Angle Laser Light Scattering Photometer, GPC/LALLS
A block diagram of the setup is shown in Figure 4.1. Here the LALLS
ft
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Solvent
Reservutr
Pump Injector GPC Column LALIS
Flow Thru Cell
Concentration
Detector
ORI
Sample
Dual Pen
Recorder
or Data
Acquisition System
Waste
Figure 4.1. Block diagram of the combined GPC and LALLS units.
96
has been inserted between the columns and the conventional concentra-
tion detector. The GPC was a Waters model 201 equipped with 4
Styragel columns of nominal pore size 10^ 10^ 10^ and 10^ A. The
LALLS was a Chromatix KMX-6. A 0.5 p fluoropore filter, Millipore
Corporation Bedford, Mass., was placed between the columns and the
LALLS, and appeared to give a clean signal relatively free from dust
particles.
The output from the GPC/LALLS system consists of a dual response;
that of the LALLS and the response from the differential refractometer.
Figure 4.2 shows typical results obtained from a GPC/LALLS system.
As indicated in Figure 4.2, the LALLS response, which is essentially
a measure of the intensity of scattered light, yields a value from
which the Rayleigh ratio,
, may be obtained. The differential
i
refractometer yields a value from which the concentration, c., may be
determined.
It is interesting to note the effect of dust particles, long
known to be a major cause of problems in conventional light scattering
measurements, cause very little problems in a GPC/LALLS system.
Figure 4.3 shows data obtained for a PS sample where the filter appar-
atus was not functioning properly. The effect of the particles is to
produce a brief increase in the intensity of scattered light, whereas
the actual scattering from the polymer solution is readily apparent
as the baseline.
The detailed theory behind the analysis of light scattering data
has been the subject of considerable work!^^ It suffices here to note
that at the small forward scattering angles employed in the KMX-6,
Figure 4.2. Typical response from the differential
refractometer and the light scattering detectors.
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and at the low solute concentrations used, the relationship between
the Rayleigh factor and the weight average molecular weight is;^^)
Rg'r+^A^c (41)
where c is the solute concentration is gnis/ml and A2 is the second
virial coefficient. For measurements on line with a GPC the mole-
cular weight at uniform intervals across the distribution curve is
calculated from a modified form of Equation 4.1 (Equation 4.2) (3)
Kc./Rq_ = 1/M. +2A.C. (4.2)
The concentration, c-, was then calculated by normalizing the detector
response;
c. = mx./VjZx. (4.3)
where m is the mass injected, v^ is the effluent volume passing
through the sample cell during the ith interval, and zx. is the sum of
the x^ values for all the intervals within the peak.^^^
The second virial coefficient, A^, was obtained by static analy-
sis of the sample from the slope of a plot of Kc/R_ versus c. For all
samples except polystyrene an average value of A2 was used. For
polystyrene analysis of narrow distribution standards in the static
mode makes it possible to assess the dependence of A2 on molecular
weight, that is, to obtain the constants a and a in Equation 4.4.
A. = aM."°' (4.4)
Equation 4.4 was then iteratively evaluated in conjunction with
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Equation 4.2, to obtain M .
.
The Newton-Raphson method of successive
approximations was used for the iteration.
For polystyrene we used the data of Ouano^"^) who determined a =
.037 and u = .187 for narrow distribution polystyrene in THF. For
PMMA and PVAc we used the static technique and determined an average
value for each sample. For these samples no dependence of on
molecular weight was incorporated into Equation 4.2, a procedure which
has been shown to result in negligible errors. For PMMA it was
determined that A^ was slightly smaller for the isotactic samples,
samples 5-8, than for the syndiotactic samples, samples 1-4. An
average value of 5.01 x 10"^ mole - cm-^/g"^ was used for samples 5-8,
-4 3 2
whereas 6.15 x 10 mole - cm /g was used for samples 1-4. For PVAc
-4 3 2
an average value of 5.0 x 10 mole - cm /g m was used for the second
virial coefficient for all samples. In view of the relatively small
magnitude of the term containing A^ in the GPC/LALLS equation. Equation
4.2, uncertainty in M from this approximation is insignificant.
w
Once M has been calculated at uniform intervals on the elution
w.
curve by means of Equation 4.2, the molecular weight averages may be
calculated in the conventional manner;
= Ec./z(c.M.) (4.5)
M = zc.M./Ec. (4.6)
W 111
M = Lc.M.^/)X.M. (4.7)
Z 1111
Calculations of the Incremental Molecular Weights and
Intrinsic Viscosities
Universal calibration. The method to be described in this chapter for
101
delermininy and [n]- involves using the light scattering apparatus
to determine the weight average molecular weight at incremental points
across the polymers distribution and then using "Universal Calibration"
to calculate the corresponding intrinsic viscosities. "Universal
Calibration" as originally developed by Benoit et al.^^^ involves the
cor.cept of separation by hydrodynamic volume expressed as the product
of intrinsic viscosity and molecular weight.
In order to construct the Universal Calibration curve a series
of well characterized polystyrene standards was used. Measurements
of the intrinsic viscosity of each sample was obtained in THF at 25°C,
using an Ubbelholde viscometer. Measurement of the intrinsic viscosity
for PS in THF is a procedure which has been carried out by numerous
researchers. Table 4.1 lists just a few of the values of the Mark-
Houwink constants, K and u, available in the literature. It is ob-
vious that there is a wide variation in the constants reported.
Values for the exponent a have been reported ranging from .64 to
-4 -4
.768, whereas K values range from 2.84 x 10 to .609 x 10 dl/gm.
Spychaj et al.^^^ have shown that the wide variation in the Mark-
Houwink constants reported in the literature may be a result of the
variation in water content in the THF used, since THF is known to be a
highly hydroscopic solvent. In their study they determined the Mark-
Houwink constants for PS samples in THF while varying the concentration
of water from 0% to 8.2% water. Their results were as follows;
TABLE 4.1 Mdrk-riouwink Constants For The System PS-THF
,4
'°
^ Temperature
(dl/g) a (°c)
2-84 0.64 25
2-63 0.65
^.23 'il^O^
1 . 51 Vr^e
25
2-89 0.65 30
1-68 0.69 25
1-622 0.694 25
1-41 0.70 25
1-60 0.700 25
1.47* 0.70* 25
35
16
1.25 0.707 30
1.17 0.717 25
1.11 0.723 25
1.251 0.717 25
0.72 25
1.14-1.22 0.72 25
1.09 0.723 25
1.112 0.723 30
1.11 0.725 25
1.17 0.725 • 25
1.01 0.729 ,25
0.99) .^730 35
1.16 0.730 25
1.05 0.731 40
0.74 25
0.861 0.74 30
0.582 0.766 23
0.609 0.768 25
From ref. 6
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THF [„] ^ 1.16 X IQ-V-^^
4.5% Water [n] = 1.32 x IQ-V'^O
7.7% Water [n] = 7.45 x lO'V-"
8.2% Water [„] = 11.9 x lO'V'^^
The results of Spychaj et al^^) point out the necessity for
determining the Mark-Houwink relationship for the particular THF to be
used. Using data reported in the literature will result in obvious
errors. As a result every effort was made to use the THF as quickly
as possible after it was opened.
Figure 4.4 shows the results of our intrinsic viscosity
measurements using PS standards. Pressure Chemical Co., and THF,
Fisher Certified. The Mark-Houwink constants, determined from the
least-squares line through our data, are K = 1.47 x 10~^(dl/gm) and
u = 0.70. These values are also listed in Table 4.2 where they
appear to be in good agreement with a majority of the data. These
values were then used to calculate the hydrodynamic volume, [n]M,
used in "Universal Calibration."
Determination of the spreading function . Column dispersion is a major
factor that causes inaccuracy in quantitative GPC interpretations,
because it distorts the elution curve and affects the calibration and
the molecular weight calculations. Compensation for the dispersion
effect is discussed in the next section. However, to account for
column dispersion by using the methods discussed in the next section,
one needs to know how much peak broadening has been imposed on the
experimental GPC elution curve. There are two methods which can be
104
MOLECULAR WEIGHT
Figure 4.4. The intrinsic viscosity-molecular weight
relationship for narrow distribution polystyrene in tetrahydrofuran
,
25''c.
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used to assess colu.nn broadening^^), a reverse-flow experiment, and re
cycle GPC. We chose to use recycle GPC since this method allows
determination of both axial dispersion parameters and accurate
determination of the polydi spersi ty
.
RecycJ^^. The basic theory behind recycle GPC has been
discussed in detail in several treatments . '^^ For our purpose it
suffices to state that the variance of the total chromatographic
curve width,
,
is given by the sum of the variances of each of the
contributors, i.e.,
2^ 2 2 2 2
°T ''inj °disp ''mwd ^ ^ex.col. (4.8)
where o.^^ is that due to sample injection, o^.^^ is the chromoto-
graphic band dispersion, a^^^j^ is the spreading due to the actual MWD
of the sample, and o^^^^^^ consists of the spreading caused by all
extracolunin sources.
In conventional GPC systems, a?, is insignificant, and .
1 nJ ex • c 0 1
•
has also been minimized to the extent that Equation 4.8 may be re-
written as;
°T ^ °disp ^ °MWD (^-^^
Since o^^^p is proportional to /n and o^^^^ is proportional to n,
where n is the number of cycles.
T ""disp " "MWD
Dividing through by n we obtain
2
a
ol = na^_..„ + n^oi,^ (4.10)
+ no^,,n (4.11)
n disp MWD
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Thus plotting the experimental quantity o^/n as a function of n should
yield a straight line. It's intercept gives the axial dispersion
2parameter, o^.^^, and the slope gives the polydispersity of the
sample if the calibration curve for the instrument is known.
Table 4.2 lists the data obtained by recycle GPC for 13 cycles
of a narrow distribution PS standard of 51,000 molecular weight.
Figure 4.5 shows the data plotted according to Equation 4.11. From
the slope we obtain o^^^^^ =
.079 and from the intercept we obtain
Z
"disp Si"ce we know;
2 2,2
"mwD ^ ^ ^ (4.12)
where, 6 = ^^{\/\) . and a is the slope of the calibration curve
V - alnM + b, we can calculate precisely the polydispersity of the
2
MWD
sample. For our system a^ = 5.43 ml^ and o.^,,^ = .079 ml^ so that we
2 -?
obtain 6 = 1.45 x 10 and M /M., = 1.015.
W In
Once we have determined the exact polydispersity of a sample
by this method this data can then be used along with Equation 4.9 to
2
calculate o^j^-^p for any other chromatographic system. It is this
value, tJjjgpj which will be used in the next section in order to
compensate for spreading.
Correction for spreadi ng. Many of the parameters involved in GPC/LALLS
systems have previously been discussed (9-12). It suffices here to
note that from such a system one obtains M, , , that is, the weight
w.
average molecular weight at any measurable point across a polymer's
distribution. Through the use of a universal calibration curve,
which relates the hydrodynamic volume, [n]M, to the elution volume.
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TABLE 4.2: Recycle GPC Data for Polystyrene, MW - 51,000
No. of Cycles a
1 1
2 0.5 0.99
3 0.33 1 .45
4 0.25 1.81
5 0.20 2.15
6 0.17 2.54
7 0.14 2.58
8 0.13 2.92
9 0.11 3.04
10 0.10 3.55
11 0.09 3.67
12 0.08 4.09
13 0.07 3.87
2 / 2 2
"chr/" "chr/"
(ml2) (ml2)
0.111 0.111
0.499 0.249
0.699 0.233
0.815 0.204
0.925 0.185
1 .073 0.179
0.951 0.136
1 .069 0.134
1 .027 0.114
1 .259 0.126
1 .223 0.111
1.399 0.117
1.152 0.089
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the corresponding values for the intrinsic viscosity, [n]., are ob-
tained by dividing the hydrodynamic volume by the corresponding
molecular weight.
A problem which needs to be considered here is which average of
the molecular weight is correct for use in universal calibration. If
it were as a recently proposed (11), dividing [n]M by M would
n w
result in an incorrect value for the intrinsic viscosity. We thus
chose to avoid the problem by using the l/(a +1) average of the
hydrodynamic volume, where <\> = [n]M, and a is the Mark-Houwink
exponent. That is, it can simply be shown that:
^ = i:!ilK:' (4.13)
^ 1
Consequently, dividing the l/(a + 1) average of <^ by M will result
w
in a correct average of the intrinsic viscosity.
Since a is an unknown, some means of evaluating a must be
available before it is possible to calculate the correct average of
(j). In addition, some correction for axial dispersion should be
applied. To resolve both, we chose to use the method of Benoit et al
(13) which was originally developed for on-line viscometry, and is
particularly applicable to systems using dual detectors. The method
is unique in that the overall chromatogram is treated by correcting
incremental elution volumes for axial dispersion, i.e., spreading.
It is important to note here that when using a GPC/LALLS system, it
is the intrinsic viscosities, [n]., not the molecular weight values,
that need to be corrected for spreading (see Figure 4.6). This is
110
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because, in spite of any "spreading" process, the light scattering
detector will always measure the correct weight average molecular
weight of the fraction in the cell at any given elution volume. The
effect of "spreading" will thus be evident in the intrinsic viscos-
ities which are calculated from the elution volume and a universal
calibration curve.
In order to calculate a we use the relation:
cj) = KM^ ^ (4.14)
from which, a + 1 can be obtained from a plot of log t versus log M.
At this point no correction for axial dispersion has been applied and
the results for atactic PMMA (See figure 4.7) for a are shown to be
in poor agreement with those obtained by conventional viscometry.
Figure 4.7 shows a plot of versus M,,, where cj) is the uncorrected
c W G
hydrodynamic volume. It can be seen that agreement between this method
and conventional viscometry is obtained only at a point which
corresponds to the peak in the molecular weight distribution. This
is to be expected since the intrinsic viscosities and therefore the
hydrodynamic volumes have not been corrected for spreading.
The 17 data points shown in Figure 4.7 represent data obtained
from the portion of the distribution where adequate detector response
was obtained from both the differential refractometer and the LALLS
detectors. The scattered intensity, as measured by the LALLS, is a
product of the concentration and the molecular weight, whereas the
differential refractometer is sensitive only to concentration. As a
result the LALLS is extremely sensitive to the high end of the MWD
112
10^
MW
Figure 4.7. The uncorrected hydrodynamic volume, ct)e,
versus molecular weight, MVI, for atactic PMMA.
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and correspondingly less sensitive to the low end. This results in
an offset between the two detectors which increases with the MWD and
makes calculation of the molecular weights of the sample at both ends
of the chroma togram imprecise for broad MWD samples. Consequently,
data acquisition is limited to a region where adequate response from
the two detectors can be obtained.
To correct for axial dispersion we proceed as follows. The
average we are interested in may be defined as:
3
1/3 (4.15)
where, in our case, 3 = l/(a+l). Going from summation to integration
we use the function:
Y*(3) = /^/C(,^)dcj.
and the 3 average can then be written as
(4.16)
Y*(3)
Y*ToT
1/3 (4.17)
The problem now lies in the evaluations of Y*(3). As a first
approximation we use the simplest case, that of a polymer with a
gaussian molecular weight distribution. For this case it has been
shown that (13):
6 )-^'-'o^
Y*(3) = exp
0
exp
2a
(3 + A(v-Vq))
^^^2
^ /2
a 6
(4.18)
where:
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is the peak hydrodynamic volume,
v^, is the peak elution volume,
V, is the elution volume at the increment being evaluated,
a, is the axial dispersion parameter,
A = a/(u+l), where: a is the slope of the calibration curve,
Y* ^ y(u+1 ), and = ln(M /M )
w n'
Substituting Equation 4.18 into Equation 4.17 and evaluating
for 3 = l/(u+l) and g=0, we obtain:
3^ + 23A(v-v )
^*^l/(u.l) - exp ) '-1^ (4.19)
2 (4 ^ ^
Using the fact that, v-v = A log and l* = o/A and rearranging, we
^0
obtain:
Log
<*>i/(..i) = c . ^ 7i7.^^ ^'-''^
l/(a+l)
Since we know, M = i ^K'
w
Is
we can rearrange and obtain: M^K^^""*^^ = < 'i^^]/ (^(+1
)
Upon substitution and rearrangement we then obtain:
Log c|) = c + (a+l)(l+T*^/T*^)LogM^^ (4.21)
This relation implies that for the case of a Gaussian distribu-
2 2
tion, a plot of Log <i> vs. Log M will yield (a+l)(l+T* /y* ) as the
2 2
slope and not (a+1) as suggested in Equation 4.14. The term (1+t* /y* )
2 *2 J I
I
I
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is simply a correction term for axial dispersion. Since both i* and
Y* are readily evaluated for the system, u can be obtained. As a
check on this equation, we can see that in the case of no spreading,
T* approaches 0, and the slope reduces to (a+1). Also, as the mole-
cular weight distribution becomes broad, y* approaches and the
slope again reduces to (u+1).
For the data shown in Figure 4.7 the slope is 1.794. Upon
evaluating i* and y* for this system and substitution into Equation
4.21 we find that the actual value of a is 0.695. This is in ex-
cellent agreement with the value of 0.697 as determined by convention-
al viscoinetry (7).
Having determined the actual value of a for the polymer in
question, we may now calculate the l/{a+l) average of (j). To do this
we need to solve Equation 4.16 for the general case. Benoit (13) has
shown that the equation can be expressed in terms of t*, <^^, the
chromatogram C, and its derivatives C, C", etc. According to
Benoit (13):
Y*(3) 1/3 r.2
'
^2 C ^ *4/3 C" . 1 C" (3-1) C
1
2 c2/J
(4.22)
4
where the expansion has been stopped after r* .
When we apply Equation 4.22 using the value of a calculated
from
Equation 4.12, we obtain excellent agreement between ((> and [n]
values
calculated by this method and those obtained by conventional
viscometry
Figure 4.8 shows the results of applying this correction.
Essentially,
116
ligure 4.8. Ihe corrected hydrodynami c volume, <^ ^a+x'^'
versus im lecular weight, MW, for atactic PMMA.
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Equation 4.22 states that d^^^ is equal to
.|>^, the parameter we measure
before correction, times a correction factor. An additional point is
that Equation 4.22 is not very sensitive to \i. Thus estimating the
value of 3 from Equation 4.21 does not alter the usefulness of this
method.
Intrinsic viscosities and molecular weights obtained by this
method, and the resultant Mark-Houwink constants are found to be in
good agreement with those obtained by conventional viscometry. For
polystyrene we obtain, K = 1.28 x 10'^ and u = 0.70 as compared to
- 4
K = 1.41 X 10 and a = 0.70 as obtained by conventional viscometry (5)
For conventional atactic poly(methyl methacrylate) we obtain K = 0.958
X 10"^ and a = 0.695 as compared to K = 1.04 x 10"^ and a = 0.697 as
obtained by conventional viscometry (7). For highly isotactic PMMA,
98% as determined by ^^C NMR, we obtain K = 1.66 x 10"^ and a - 0.66.
Unfortunately, no values are available for comparison.
It is interesting to compare the results of our GPC/LALLS method
to those of Benoit et al.^^^^ who originally developed this method
for GPC coupled with on-line viscometry. Figure 4.9 shows schemati-
cally a comparison of the results obtained by the GPC/LALLS and the
GPC/Viscoiiietry technique for polystyrene in THF. Line A is the
relation obtained from the GPC/LALLS system and yields a slope slight-
ly higher than that obtained by conventional intrinsic viscosity
and
light scattering methods, line B. Line C is the relation obtained
from the GPC/Vi scometry system and gives a slope considerably
lower
than that obtained by conventional methods. Equation 4.21
which
contains the term (l+.*2/6*^) has been used to explain
the higher
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8-
C -
GPC/LALLS {1-80)
VISCOMETRY (i-70)
GPC/VISCOMETRY i.39j
A
LOG Cf)
LOG M
w
LOG iVl
Figure 4.9. A comparison of the ^"corrected
hydrodynamic
volume versus molecular weight as obtained by
GPC/LALLS, bPL/
viscometry, and conventional intrinsic viscosity
measurements.
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slope of the GPC/LALLS system. It is interesting to note that for the
GPC/Vi scometry system Equation 4.21 takes the form;
Log ci>^ - c + (a+l)/(l+T*^/6*^) Log M,, (4.21a)
In Equation 4.21a the slope will therefore be lower than cx+1 by
an amount which will depend on the degree of spreading in the system.
The fact that the GPC/Vi scometry results are in much poorer agreement
with those obtained by conventional methods is indicative of the fact
that the on-line viscometer has considerably more spreading, a problem
which results from the large sample volumes used in the viscometric
detector.
It is also interesting to note that lines A, B, and C intersect
at a point which corresponds to the peak in the polymers' distribution.
This result shows quite clearly the effect of spreading. That is, on
one side of the peak spreading causes an overestimation of a value,
either the intrinsic viscosity or the molecular weight depending on
whether we are using GPC/LALLS or GPC/Vi scometry , and on the other
side an underestimation. At the peak the effect of spreading
is com-
pensated for by the opposing sides of the distribution and
we obtain
agreement between lines A, B, and C.
Calculation of the Unperturbed Dimensions
The unperturbed dimension is a characteristic
parameter of a
polymer which directly reflects the conformation
of the chain.
Knowledge of the conformation is important
since it influences many
of the properties of a polymer, both
in the bulk state and in solution
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Properties such as rubber elasticity, the thermodynamics and hydro-
dynamics of polymer solutions and birefringence, are only several of
the properties which may be related to the conformation. Measurement
of the unperturbed dimension is, however, a task which has previously
involved considerable time and effort. One method often used to ob-
tain the unperturbed dimension involves measurements of the intrinsic
viscosity of several narrow molecular weight fractions in thermodynami-
cally good solvents. Several graphical procedures have been proposed
for data treatment which require knowledge of the intrinsic viscosity
(15)
of polymer fractions of known molecular weight. Those of Fox-Flory^
Equation 4.23, and Stockmayer-Fixman , Equation 4.24, are among the
best known.
[n]2/^/M^/^ . k2/3 + c.^ (M/[n]) (4.23)
[n]/M^/^ = + 0.5UBM^/^ (4.24)
.here: = . i<r/n^)'^' ^''''^
^ 2^^ C^(l- 6/T) = (a^ - a^)/^'^^^
ip^ is an entropy parameter
and, B = 3/cV; where: cm is the molar weight of a chain seg-
ment, and 3 is the binary cluster integral.
In each case the unper-
turbed parameter, K^, is obtained from the
intercept of the appropriate
plot.
We have herewith shown that one may
generate a series of values
for the intrinsic viscosity, [n]^, and
the molecular weight, H^..
Simply by injecting a polymer with a broad
molecular weight distribution
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into a gel permeation chroma tograph, GPC, coupled with a lovj-angle
laser light scattering photometer, LALLS. These values are then used
in the appropriate relations to obtain measurements of the unperturbed
dimensions. We have demonstrated this method with two stereoregular
poly (methyl methacrylates)
.
The extrapolation method we chose to use to obtain the unper-
turbed dimensions was that of Benoit et al . (17) (see Equation 4.26).
This is a modification of the Stockmayer-Fi xman equation (Equation
'1.24), and has the advantage of producing a linear plot, making extra-
polation to the unperturbed dimensions less ambiguous:
[n]/M^/^ - + 0.5H3M^/^(1 - DM^^^) (4-26)
where D = 12 x 10"^ (u - 0.5).
Figure 4.10 shows typical data as obtained for two poly(methyl
methacrylate) samples using the method of Benoit et al.(17). The
value of obtained for atactic PMMA, 5.4 x
10'^, is in excellent
agreement with those obtained by conventional measurements, see
Table
4.4. In addition, for isotactic poly(methyl methacrylate)
we obtain
K = 8.0 X 10"^ which also is in very good agreement
with values ob-
6
tained by conventional viscometry (Table 4.3).
Conclusion
We believe this new approach for measurement
of the unperturbed
dimensions should be applicable to any polymer
for which universal
calibration is valid. The method has the
advantage of producing
valuable data concerning a polymer's
unperturbed dimension from the
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TABLE 4.3 Comparison of K^^ values obtained by direct measurement in
theta solvents, by the Fox-Flory method, the Stockmayer-
Fixman method, and by the 6PC/LALLS method.
Kg X lo"^ (dl g""")
Stockmayer-
PMMA Direct Measurement Fox-Flory Fixman GPC/LALLS
77% Syndiotactic 5.7(19) 5.0(20) 4.g(21) ^.5(22) 5.4
98XIsotactic S.t'^^) 7.7(") 7.0(2^) 8.2(25) g.O
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injection of a single sample of broad molecular weight distribution.
A disadvantage is that it relies on the validity of semi-empirical
relations, e.g.. Equations 4.23 and 4.24. However, these relations
have previously been shown to yield results which are generally within
8% of those determined by direct theta temperature measurements (18).
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CHAPTER V
MEASUREMENT OF THE UNPERTURBED DIMENSIONS OF
STEREOREGULAR POLY(METHYL METHACRYLATE)
Introduction
Chapter I presented a literature review encompassing inform-
ation available on the unperturbed dimensions of steroregular poly-
mers. A method considered in Chapter I, and used in Chapter IV, in-
volved measurement of intrinsic viscosity and molecular weight for a
series of narrow molecular weights and extrapolation to the unper-
turbed dimension. In Chapter IV methods were developed whereby the
necessary values can be obtained from a GPC/LALLS system and the MWD
of a single polymer sample. Measurement of the unperturbed dimension
was then made using the method of Dondos and Benoit^^Vor two differ-
ent stereoregular forms of PMMA.
This chapter reports on a set of six stereoregular PMMA sam-
ples, ranging from 15X to 100% isotactic dyad content. Data was gener
ated by the GPC/LALLS technique described in Chapter IV and the dimen
sions obtained by six different extrapolation procedures.
Measurement of the Molecular Weights and Intrinsic Viscosities . The
experimental conditions used for the six stereoregular PMMA samples
were identical to those described in Chapter IV. The methods used
to determine the incremental values of [n]-, and M^ were also
1
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described in Chapter IV. The samples used in this work were the stereo-
regular PMMA's prepared in Chapter II and characterized in Chapters II
and III.
Table 5.1 lists the [n]. and M. data obtained for six stereo-
regular forms of PMMA. As described in Chapter IV, the incremental
values of [n]. and M were determined from the portion of the distrib-
i
ution where adaquate response was obtained from the two detectors.
Data was obtained at 0.25 ml increments. This procedure usually re-
sulted in 14-17 usable data points for each sample. Outside this
range, data scatter was excessive. In the lower portion of Table
5.1 the Mark-Houwink constants K and a are listed. The data suggests
that there is very little measurable difference among the three iso-
tactic samples, samples 5b, 7, and 8b, or among the three most syndio-
tactic samples, samples 1, 2, and 4a. Considerable difference is ob-
served, however, between the three isotactic and the three syndic-
tactic samples. The isotactic samples exhibit Mark-Houwink exponents
generally of the order of 0.66, whereas, an average value of 0.69 is
obtained for the more syndiotactic set.
Figure 5.1 shows all the data in Table 5.1 plotted graphically
as [n] versus MW. The open symbols are the isotactic samples, samples
5b, 7 and 8b, and the filled symbols are the more syndiotactic samples,
1, 2, and 4a. The difference between the isotactic and syndiotactic
sets is obvious. All the data points for the isotactic sets lie above
those for the syndiotactic polymers, although at high molecular weight,
10^, the least squares lines through the data tend to converge.
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Figure 5.1. A comparison of the intrinsic viscosity-molecular
weight relation for six different stereoregular forms of poly{methyl
methacrylate)
.
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Figure 5.1 also shows two data points as an asterisk, *.
These two data points represent the results of conventional [n] and
MW measurements for two commercially available narrow MWD PMMA stand-
ards; Polysciences, Inc., Warrington PA. Good agreement is shown be-
tween the results obtained by conventional methods and those obtained
by the GPC/LALLS method.
Calculation of unperturbed dimension s
.
Measurement of J<j^. As discussed in Chapters I and IV there are
several relations which have been previously proposed for the calcula-
tion of unperturbed dimensions from measurements of intrinsic viscosity
and molecular weight. The theory behind these methods is discussed in
Chapter I. It suffices here to note that none of the proposed method
has been show to give good results under all circumstances. As a re-
sult, it has been suggested^^Uhat the extrapolation procedures be used
to complement one another.
In this chapter the intrinsic viscosity and molecular weight
data obtained for the six stereoregular forms of PMMA is evaluated us-
ing six different extrapolation procedures. The methods proposed by Fox
and Flory^^^, Equation 5.1; Stockmayer and Fixman^^) Equation 5.2; and Ber-
i^y^^l Equation 5.3; were described in Chapter I. The method of Dondos
and Benoi t^^^,Equation 5.4, which is a modification of the Stockmayer-
Fixman method was described in Chapter IV. In addition, we also use
the methods of Cowie^^^ Equation 5.5, and Inagaki et a1 Equation 5.6.
Cowie's method has the advantage of incorporating a solvent-dependent
factor, it>(e). whereas the method of Inagaki et al , has been shown ^^Uo
yield accurate K9 values even in thermodynamical ly good solvents.
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M '-''m"'- k//3 , , W3^^
^^ ^^
[hJ/m'^^ = Kg + .51(l)BM^/^ (5,2)
(Mm"h''^ - ^^'^ ^
.V'Mr,,2/H)-3/2(H/[n]) (5.3)
The terms C-j-, (f), and B have been defined in Chapter 1.
[n]/M^/^ = Kq + .51 W/2(l-DM^/2) (5-4)
Where D has been described in Chapter IV.
[ri]/M^/2 = (c|){£)/(t)o)KQ + 0.9166(ct){c)..'.K)l<Qk^/''V/^° (5.5)
Here v^e have;
e = (2a -l)/3 (5.5a)
where a is the Mark-Houwink exponent, and;
(1)(l) = (t)o(l-2.63e + 2.86 e^) (5.5b)
[,]4/5/M-2/5 ^ 0.785^3^/5 , q. 950K3^/5,2/3,l /3 ^^^^^
where
;
k = 0.33B[M/<r^>o]^'^^ (5.6a)
In each of Equations 5.1-5.6, the unperturbed parameter, Kq
defined in Equation 5.7 is obtained from the intercept of the appropri-
ate plot Involving intrinsic viscosity and molecular weight values.
Kq = (t)(<ro> ^/M)^/^ (5.7)
In addition, from the slope of each we may obtain several thermodynamic
parameters characterizing the polymer-solvent interactions. These
polymer-sol vent interaction parameters will be discussed in a later
section. Figures 5.2-5.7 show examples of each of Equations 5.1-5.6
graphically for two different tactic forms of PMMA, one highly iso-
tactic, sample 8b, and the other syndiotactic , sample 2. In each fig-
ure a straight line is obtained with the unperturbed parameter Kq
as
the intercept. Least squares analysis was used to obtain Kq
values,
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15 COWIE^ METHOD
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Figure 5.6. Estimation of the unperturbed dimensions for two
different stereoregular forms of poly(methyl methacrylate) using the
method of Cowie.
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Figure 5.7. Estimation of the unperturbed dimensions for two
different stereoregular forms of poly(methyl methacryl ate) using the
method of Inagaki
.
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which are listed in Table 5.2 for each of the six samples. In each
case the values of obtained were determined to be accurate to 10%.
The error resulting primarily from the extrapolation rather than from
scatter in the data.
The agreement between the values predicted by the six dif-
ferent methods. Equations 5.1-5.6, is quite good. For example, for
the ]007o isotactic sample. Figures 5.2-5.6, the K values ranged
6 ^
from 7.8 to 9.2 x 10"^ dl/gm with an average value of 8.4 x 10"^
-4
± 0.5 X 10
.
Whereas for the 23% isotactic sample, also shown in
Figures 5.2-5.7, the values ranged from 4.8 to 6.0 x lO'^dl/gm with
an average value of 5.4 x 10'^ ^ .4 x 10'^. It is also apparent from
Table 5.2 that there is little measurable di fference among the three
isotactic samples, 5b, 7 and 8b or among the three syndiotactic sam-
ples, 1, 2 and 4a, there is however considerable difference between
the sets of isotactic and syndiotactic polymers. Comparison of the
values in Table 5.2 with those in the literature from both direct and
indirect measurements, see Table 1.1, shows good agreement. Values
range from 7.0 to 8.7 for the "isotactic" polymers which compares well
with our values of 6.7 to 9.2. For the "syndiotactic" samples lit-
erature values range from 4.4 to 6.8, which also compares well with
our values of 4.3 to 6.0. The agreement between the six different
extrapolation procedures. Equations 5.1 to 5.6, is good, within the
precision of the methods, ±10%. We thus chose to use the arithmetic
average of the values for calculation of the characteristic ratio
in the next section. The average values are reported in Column 8,
Table 5.2.
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Ca.lj^la_tJpjLoljTe_cl^^ The characteristic
ratio, C^, is a parameter which compares the unperturbed mean square
end-to-end distance, <r'^>^
,
to the dimensions of the chain if each
segment were freely rotating. For the case of a freely rotating chain
it has been shown^'') that the dimensions of the chains are simply given
by Equation 5.8.
<r^>o - nl^ (5.8)
The characteristic ratio is defined by;
= <r^o/nl^ (5.9)
where is the characteristic ratio for a chain of length n. For a
freely rotating chain is unity for all values of n, but for all
other cases will be larger than unity by an amount which will de-
pend on the extension of the chain.
The characteristic ratio is related to the parameter K. and
consequently may be obtained from Equation 5.10
Coo = {^q/'^)^^^ V""^ ^^-^^^
Where Mj^ is the mean molecular weight per skeletal bond, 1 is the bond
length, and (j) is Florys' universal constant. The value for C-^ will
depend on the value chosen for ((). As discussed in Chapter I several
21
values ranging from 1.8 to 2.87 x 10 have been proposed. We have
chosen to use the value (j)=2.5 x ]0^\ as recommended by Yamakawa^^^.
Table 5.2, Column 9 lists the characteristic raios calculated from the
average Kq values reported in Column 8. For the three isotactic sam-
ples, 5b, 7, and 8b, we obtain an average value of 9.9 whereas for the
three syndiotactic samples, 1, 2 and 4a, we obtain an average of 7.5.
The isotactic polymers are thus shown to exhibit dimensions ^35% larger
142
than the syndiotactic forms. These values are in very good agreement
with those of other researchers as collected in Chapter I, Table 1.1.
Figure 5.8 shows graphically the effect of stereoregul ari ty on
the unperturbed dimensions. Here was have plotted the characteristic
ratio, C »
,
versus the fraction of isotactic dyads in the chain, f
.
.
Whereas the dashed line drawn through the data is presumptuous,
the trend is obvious. The more isotactic polymers exhibit approximate-
ly 35% larger, unperturbed dimensions. The bars shown in Figure 5.8
represent estimated uncertainties of 10%, that result primarily from
the extrapolation used to obtain from which Cc^, is calculated.
Statistical calculations of unperturbed dimensions . As described
in Chapter 1, iiiettiods have been developed whereby statistical calcula-
tions can predict the dimensions of a polymer from the rotational iso-
meric scheme. Assumptions are required about the geometry of pendent
groups. These calculations have been extended^^^^ to predict the ef-
fect of tacticity on the unperturbed dimensions by Monte Carlo methods.
The Monte Carlo methods were employed to generate chains generally con-
sisting of 200 units with random sequencing of meso and recemic dyads.
The results of these calculations for PMMA^^) are shown in Chapter I,
Figure 1.11, along with published data. The three curves, labled A,
B, and C, Figure 1.11, are attempts by Flory et al^^) to fit the
avail-
able data. Flory(9) concluded that agreement with experimental values
of C. is obtained by taking Ea=l.l kcal mole"^ and Es=-0.6
kcal m}e"\
a and 3 being the statistical weights for the
meso, gt and the racemic,
tt states, respectively, relative to the meso tt state.
Comparison of
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Figure 5.8. The characteristic ratio versus the fraction
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our data in Figure 5.8 with the statistical curves shown in Figure 1.11
reveals good agreement. That is, the data obtained by the GPC/LALLS
method agrees with curve B for which Ea=1.2 kcal mole'^ and E3=-0.6
kcal mole"^
.
Discussion
The reason why isotactic PMMA is 35X more extended than the
syndiotactic polymer in its' unperturbed state may lie the fact that
isotactic PMMA is capable of existing in a helical conformation.
^^^^
X-Ray studies^^O) of isotactic PMMA have shown segments of the poly-
mer to exist in a 10^ - double helix in the crystalline state. It is
believed that the helical (trans-to-gauche) segments, because they are
in the most energetically stable conformation, might also be capable
of existing in the amorphous solid state as well as in dilute solution,
although not necessarily in the double helix. The larger dimensions
exhibited by isotactic PMMA, as compared to the syndiotactic polymer,
in both the perturbed and unperturbed states may then be postulated as
resulting from the presence of the helical segments.
Polymer Solvent Interaction Perameter
The slopes of Equations 5.1 to 5.6 reflects the degree of
polymer-solvent interaction. Table 5.3 lists the slopes obtained
from each of the six different tactic forms of PMMA. In
each case
the highly isotactic samples, 5b, 7 and 8b, exhibit
lower slopes than
the syndiotactic samples, 1, 2, and 4a indicating
a lesser degree of
(8)
polyim^r-sol vent interaction.^
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The parameter we are interested in is B which characterizes
the degree of polymer-solvent interaction, and is given by Equation
5.11 ;
B = m,^ (5.n)
where Ms is the molecular weight of the segment and B is the "Binary
Cluster Integral". Before we can calculate 3 from the Fox-Flory method,
Equation 5.1, this equation must be rewritten in a form from which b
can be obtained,
Yamakawa^^^ has proposed,
[„]2/3/m1/3 = k2/3 + 0.858 K^/^<^q Bn/[n] (5.1a)
Table 5.4 lists the values of B as obtained by the six different
methods, Equations 5.1 to 5.6, for each of the six stereoregul ar
forms of PMMA. In addition to the six methods used throughout this
chapter, Equations 5.1 to 5.6, two additional methods. Equations
5.12 and 5.13 were used to calculate the parameter, B, These
[n]/M^/2 = Kg + 0.346*oBM^/^ (5.12)
[nJ/M^'^^ =1.05Ko + 0.287(t)oBM^/2 (5j3)
equations are modifications of the Stockmayer-Fixman equation, Equa-
tion 5.2, and were proposed by Yamakawa^^^ in an attempt to compen-
sate for the underestimated values of B obtained from the Stockmayer-
Fixman equation.
Table 5.4 shows that the parameter B varies considerably
with the method used to obtain B. With the exception of the Cowie
method. Equation 5.5, most of the methods are however in qualitative
agreement for a particular tactic form of PMMA. For the isotactic
147
CO
LO
cr
00
CO
cn CO
o
CO
o CM
LO
cr
CO
o
00
COo cnIT) CO CO
cn
0)
oo
cn
CO CO
CM
Ch
CO
00
CO
>>
o
o
cn
cn
•
CO
o
CO
CO
LO
IT)
LO 00
CO
E
o
00
CVJo
CO
«
C7^
cn cn
CO
CO
X
CO
LO
LO
CM
LO
CO
00 CO 00
CO
>>
E c
o EO X
C/) Uu
CO +->
O -r-
-a o
OO CQ
Q-
E
CO
LO
LO
cn
+->
JD O O
CO O n3
—
-*->
o
CO
LO
CM
CM
cn
o
+->
(J
fd
+J
o
CO
00
00
LO CO
--^00 4->
o
CM
00
o
LO
^ LO
v-^CO
u
O
CO
cn
00
CTi
LO
CO
CO
vo
CO
CM
00
+->
u
CM CO rT3
•^CM -!->
O
CO
+->
LO n3
O
148
samples, 5b, 7 and Bb, values of B are consistently lower than for the
syndiotactic samples 1 , 2 and 4a. This is indicative of reduced poly-
mer solvent interaction which is consistent with the smaller values ob-
tained for the Mark Houwink exponent, a, for the isotactic samples
(see Table 5.1 )
.
Values of B vary from one method to another, Table 5.4, be-
cause they depend on the functional form used for a. That is, wheth
er we use closed forms for a of the type a^, Equation 1,9 or a~^.
Equation 1.10. According to Yamakawa^^^, a more rigorous experimental
test of the theories of a is needed before we can establish a basic
equation for viscosity plots to be used for the estimation of B. No
published data on B is available for comparison.
Concl usions
From this work it can be concluded that, (a) A measurable dif-
ference occurs in the Mark-Houwink relationship between isotactic and
syndiotactic PMMA. For a given molecular weight the isotactic polymer
exhibits a larger intrinsic viscosity, although at high molecular
weights, 10^, this difference diminishes. This difference indicates
that isotactic PMMA is more highly extended even in a
thermodynamical ly
good solvent, THF (b) Isotactic PMMA is ^.35% more
extended than syn-
diotactic PMMA in its' unperturbed state; (c) Isotactic
PMMA exhibits
less polymer-solvent interaction than the
syndiotactic polymer. An ex-
planation for all three conclusions, a, b, and c
lies in the fact
that isotactic PMMA exists in a more extended
state. It is possible
149
that the more extended conformation of isotactic PMMA arises from the
presence of helical segments. Since the helix is the conformation of
lowest potential energy it i s postul ated that helical segments are
possible in both the bulk state and in solution. The presence of these
helical segments would be expected to result in the larger perturbed
and unperturbed dimensions exhibited by isotactic PMMA in comparison
to the syndiotactic polymer. In addition, the combination of bulky
side groups, and the presence of helical segments are believed to
result in limiting the access of solvent molecules to the polymer
and thereby result in a smaller degree of polymer-solvent interaction.
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CHAPTER VI
CHARACTERIZATION OF BRANCHED POLY(VINYL ACETATE) BY GEL
PERMEATION CHROMATOGRAPHY COUPLED WITH ON-LINE LOW
ANGLE LASER LIGHT SCATTERING PHOTOMETRY
Abstract
Poly(vinyl acetate) (PVAc) of Rw 750,000, Rw/Mn 3.85 and Bn (the
number of long branches per molecule) 2.2 was subjected to chain scission
by mechanical (high-speed stirring) as vjell as chemical (saponification
and reacetylation) methods to investigate the effect of shear on the
branching distribution. The extent of long branching was measured by
gel permeation chromatography on-line with low-angle laser light scat-
tering photometry. It was concluded that (i) the branches through the
acetate group are long and are ruptured preferentially on shearing,
(ii) the branches through the a- and 3-carbons are not broken on shearing,
(iii) the extent of long branching through the acetate group is about
675^ of total branching, (iv) on shearing-, 80% of the decrease in mole-
cular weight is due to rupture of the long branches through the acetate
group. The remaining 20X of the decrease in molecular weight results
from the main chain scission; and (v) the poly(vinyl alcohol) derived
from branched PVAc contains a smaller but nevertheless
significant
amount of branching.
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Introduction
During the polymerization of vinyl acetate extensive branching
occurs by chain transfer to polymer and terminal double bond reactions.
Branching frequency increases rapidly with conversion and causes a con-
comitant braodening of the molecular weight distribution. ^^'^'^'^^ The
branch points have been previously shown to exist in three chemically
distinct structures, through the a-carbon (structre I), the 3-carbon
(structure II), and through the acetate group (structure III).^^^^
M i 1
HO HO
I
I
c=o c= o
CH3 CH
II
III
Branches may be "short" or "long." Since long branches
mainly
affect the hydrodynamic properties of the polymer,
and are thereby
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nieasureable by intrinsic viscosity measurements, we will be concerned
exclusively with the measurement of long branches. The amount of branch
ing through the acetate group was estimated to be about 70% of the total
by Graessley and his coworkers. However, this percentage will ob-
viously depend on the conditions of polymerization.
On shearing of branched poly(vinyl acetate) (PVAc) to rupture, it
is not certain which main chains or branch units will be ruptured. The
strength of a -C— 0- bond is higher than that of a -C— C- bond.^^^'^^^
As a result, -C— C- bonds would be expected to be ruptured preferential-
ly. It has been shown, using electron spin resonance, that
CH^ C
OCOCH
is the principal radical observed on shearing. ^^^'^^^ However, Goto
Fujiwara^^^^ have determined using chemical methods that stirring a
and
solution of PVAc in cyclohexanone did not result in chain scission at
the -C— C- linkage, but rather at the pendant ester linkage.
The purpose of our study is to investigate which bonds are rup-
tured on shearing; that is, whether scission occurs at the main chains
or at the branch points shown in structures I, II and III or at a com-
bination of them. To accomplish this, we have carried out chain scission
by mechanical as well as by chemical methods. Branching through the
acetate group (structure III) can be detected from changes in molecular
weights when a sample is saponified to poly(vinyl alcohol) (PVA) and
acetylated back to PVAc. The PVAc so obtained has a lower molecular
weight than the original PVAc prior to saponification because branches
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through the acetate group are broken on saponification and are not re-
(21 )formed on acetylation/ > The branches through the u-carbon (structure
I) and the e-carbon (structure II) are not affected by saponification
since they are non-hydrolyzabl e. Hence, PVA obtained by saponification
of branched PVAc remains partially branched. To investigate which
branches, if any, are ruptured on shear and to what extent, four
samples were prepared as described in Table 6.1.
Previously, branching in PVAc has been determined kinetically
(1 3 6 7 15)
'', by gel permeation chromatography (GPC) combined with
viscometry^^^"^^^ , GPC combined with ul tracentrifugation^^^^ and GPC
on-line with low-angle laser light scattering (LALLS) photometry . ^^^'^^^
In this work we use GPC/LALLS and the methods developed in Chapter IV
for calculating [n]. and M values from the distribution of the polymer
1 w
^
These values are then used to determine the degree of long chain branch-
ing in PVAc.
Experimental
Materials . The PVAc used was obtained from Polysciences , Pa. It had a
Mw 750,000, Mw/Mn 3.85 and Bn (the number of long branches per molecule)
2.2.
Saponification . A 5% methanol ic potassium hydroxide solution was added
with stirring to ten times its volume of a 2% methanol solution of PVAc
at room temperature. The agitation was continued overnight to
insure
complete alcoholysis. ^ The PVA obtained was then filtered and
re-
peatedly washed with methyl acetate.
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TABLE 6.1 Description of Poly(\/inyl Acetate) Samples
Sample #
'
——
-
Sample Description
1 Original branched PVAc
2 From sample #1 by saponification and re-
acetylation for removal only of branches
through acetate group
3 After high-speed stirring of toluene
solution of sample #1 (0.03 g/ml
)
4 From sample #3 by saponification and re-
acetyl ation
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Reacetylation
.
The drained, but not dry, PVA was then dispersed in an
acetylating solution in approximate proportions of 40 ml of solution
for each gram of PVA. The acetylating solution consisted of one volume
of pyridine, five volumes of acetic acid and fifteen volumes of acetic
anhydride. The dispersion was agitated slowly at room temperature for
24 hours longer than the time required for the PVA to dissolve. The
reconstituted PVAc was recovered by precipitation with a large excess
of water at room temperature. The PVAc was washed extensively with
water, purified by reprecipitation into water from an acetone solution
and dried overnight under vacuum at 40°C. The purified PVAc was then
dissolved in benzene and freeze-dried to remove the last traces of the
acetylating solution. ^^'^^^
High-speed stirring . High-speed stirring was achieved by use of a
Virtis-60 homogenizer. The homogenizer was fitted with a teflon cylin-
der mounted to a stainless steel shaft. A 250 ml round glass flask with
five flutes was used as a degradation vessel. The degradation vessel
was set in a cooling cup and temperature was maintained at 10-
0.5°C by
packing the cooling cup with crushed ice. The toluene solution
of PVAc
(0.03 g/ml) was agitated at 50,000 rpm for 5 hrs. to
achieve extreme
agitation and shear. A turbulent flow was generated
during shearing
(27)
and was believed to be the most probable cause for
bond rupture.
Rofr.rtivP index increment measurements . Measurement of
the specific
refractive index increment, dn/dc, for PVAc was
described in Chapter IL
All measurements were made using a
Chromatix KMX-16 differential re-
fractometer using tetrahydrofuran, THF,
Fisher certified grade, at 25°C
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The concentration range was varied from 2 to 5 g/1. Since the variation
in dn/dc values obtained for the four PVAc samples was less than 2X,
(Chapter II), an average value of 0.054 ml/gm was used here.
Gel Permeation chromatography on-line with low angle laser light scat -
tering photometry
.
The apparatus used was the GPC/LALLS system described
in Chapter IV. The inlet of the LALLS was fitted with a 0.5p fluoropore
filter (Millipore Corporation, Mass.). This filter provided a good
signal relatively free from dust particiles, without removal of the high
molecular weight fraction of the sample. The flow rate used was Icc/min.
at 25"C. Injection volumes were 0.5cc and concentrations were 1 to 2.5
X 10"^ g/ml.
As discussed in Chapters IV and V data acquisition is limited to
a region in the distribution where adequate response is obtained from
both the differential refractometer, and the LALLS detectors. For
broad MWD samples, i.e., branched PVAc, the offset between the response
from the two detectors becomes increasingly large. This offset severely
limits the number of useable data points one can obtain from the dis-
tribution of the polymer. In our work data was acquired at 1 ml inter-
vals. This procedure generally resulted in approximately 20-30 useable
data points for each polymer. Outside this region considerable
errors
resulted because of limitations in our ability to measure the
intensity
of the signal. This problem may, of course, be
handled electronically
(25)
as described by Hamielec and Ouano.
Calcu lation of the incrementajjntjri^^ ^^^9^^^
values. The method used to calculate the
incremental intrinsic viscosi-
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ties, Ln].. and molecular weights,
, from the distribution of a
polymer
,
was described in Chapter IV. Basically, the method uses the
LALLS to determine and then relies on the assumption of "Universal
Calibration" to obtain [r,].. In addition, the method requires that a.
the Mark-Houwink exponent be known. The method for obtaining an esti-
mate of u has also been discussed in Chapter IV. However, it is suf-
ficient to note here that, although u may vary with molecular weight
for a branched polymer, the method is insensitive to the exact value
of a and consequently an average may be used. The average value of a
(27)
used here was 0. 646. ^ '
A series of values of [n]^, the intrinsic viscosity of branched
polymer, and M were generated across the distribution of the polymer
w •
1
using a computer program. The value of intrinsic viscosity, [n]^^^, for
the corresponding linear polymer, at any molecular weight, , was
^ (22)
obtained using the following Mark-Houwink relationship for linear PVAc:'
[n]Ji- = 1.877 X 10"^ M,, 0.686 (6.1 )
The viscosity ratio, G, at any molecular weight , was then obtained
by dividing the intrinsic viscosity of the branched polymer by that for
the corresponding linear polymer.
Results and Discussion
It is well accepted that polymers in solution with long
branches
are more compact than are their corresponding linear
analogs. As a
result, the intrinsic viscosity of polymers with long
chain branching
is smaller than that for linear polymers of the
same molecular weight.
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Figure 6.1 compares intrinsic viscosities as a function of molecular
weight for the four PVAc samples under study. At any molecular weight,
the intrinsic viscosity of the original polymer (sample //I) is much
smaller than that of the linear PVAc with the difference in intrinsic
viscosity increasing with molecular weight. This indicates that sample
it] is highly branched, and the extent of branching increases with
molecular weight. On shearing the intrinsic viscosity of the polymer
for a given molecular weight is increased whereas the average molecular
weight is decreased (sample #3). This increase in intrinsic viscosity
for a given molecular weight indicates that branches are preferentially
ruptured during shear. On saponification and reacetylation of the
sheared sample (sample ^3), a further increase in the intrinsic viscos-
ity is observed for a given molecular weight. This is consistent with
saponification of additional branches joined through the acetate group
and produces a more linear polymer (sample //4). Similar results are
obtained for Sample §2. That is, the intrinsic viscosity at a given
molecular weight is higher than that of the original branched polymer
and the average molecular weight is lower. This is because on saponi-
fication the branches through the acetate group (structure III) are
broken and not reformed on acetylation. However, any branches through
the a- and e-carbons (structures I and II) would not be affected by
saponification since these branches are non-hydrolyzable. Hence the
saponified and reacetylated sample contains a smaller but significant
amount of branches. This implies that any PVA derived from a branched
PVAc will not be linear. It is interesting to note that the data
for
sample §2 and H coincide (see Figure 6.1). This qualitatively indicates
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that, on shearing, non-hydrolyzable branches (structure I and II) are
not broken and the branches through the acetate group (structure III)
are preferentially ruptured. Those left are then removed on saponifica-
tion and reacetylation.
The viscosity ratio, G, as a function of molecular weight for the
four samples is shown in Figure 6.2. The value of G depends on the
type and location of the branches as well as on the number of branch
points per molecule. ^^^^ The value of G is 1.0 for a linear polymer
and decreases with increase in branching. We observe that the value of
G for sample #1 is low and decreases with increase in molecular weight,
indicating that the extent of branching increases with molecular weight.
The value of G increases towards 1.0 on saponification and reacetylation
(sample #2). This is because the branches through the acetate group are
removed on saponification and reacetylation. The average value of G
for sample #2 is 0.74, compared to 0.20 for sample #1. This implies
that about 67% of the branching in PVAc occurs through the acetate
group. This is an agreement with the results of Graessley et al.,^^^^
who determined that about 70% of the branches in PVAc were through the
acetate group (structure III). The effect of shearing (sample #3) on
the value of G is also shown in Figure 6.2. Comparison of the data for
sample #1 and #3 indicates that in addition to the decrease in molecular
weight, the value of G increases, indicating the removal of some long
branches as a result of shearing. In addition. Figure 6.2 shows the
results of shearing followed by saponification and reacetylation (sample
#4). It is apparent that saponification and reacetylation of the sheared
sample #3 results in removal of the remaining branches through the ace-
162
163
tate group, as indicated by the coincidence of the data for sample #2
and #4.
The number average molecular weights, Mn, for the four samples are
compared in Table 6.2. Each scission, whether by shear or by saponifi-
cation and reacetylation, increases the number of molecules by one
without altering the number of repeating units. Thus, by counting
(15)
molecules before and after scission, we obtain. '
(Mn)^ - (Mn)^
chain scission/molecule = — (6.2)
where subscripts b and a signify before and after saponf ication-
reacetylation or shear. The number of chain scissions per molecule
thus calculated is shown in Table 6.2.
We may also calculate the amount of scission that occurs on shear-
ing at linkages other than the pendant ester linkages. This is obtained
from the difference in the number of scissions per molecule between the
sheared and saponified and reacetylated sample (#4) and the sample which
was only saponified and reacetylated (#2). This difference is 0.07.
This indicates that shear results in only 0.07 scissions per
molecule
through linkages other than the pendant ester linkages.
The remaining
0.28 scissions per molecule (see Table 6.2) on shear
must then occur
through the acetate group. This implies that 80%
of the decrease in
molecular weight, on shearing, occurs due to
rupture of long branches
through the acetate group (structure III). The
coincidence of the data
for sample n and H (see Figures 6.1 and 6.2) indicates that
branches
through the a- and 3-carbons (structures I and
II) are not ruptured on
shearing. Hence the remaining 20% of the
decrease in molecular weight
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TABLE 6.2 Comparison of Poly(Vinyl Acetate) Samples
chain scission/
Sample # Mn from GPC molecule
1 194,800
2 78,875 1.47
3 144,000 0.35
4 76,625 1.54
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must occur due to main chain scission.
Since the strength of the
-C-0- bond is higher than that of
-C-C- bond, it would be expected that on shearing
-C-C- bonds would be
ruptured preferentially. However, our results as well as those of Goto
and Fijiwara^^^^ indicate that the rupture occurs preferentially
through the -C— 0- bond of the ester group. This implies that the
branches through the acetate group must be long, since long chains would
be expected to rupture on shearing, '^^^ particularly as they can
participate in entanglements.
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CHAPTER VII
SUGGESTIONS FOR FUTURE WORK
mLg_Lase)^ight Scattering Phl^tT^igy^
Dimensions of poljoner. This research project has demonstrated the
application of GPC/LALLS to the measurement of the unperturbed dimen-
sions for a series of stereoregular poly (methyl methacrylate)
.
PMMA,
samples. The methods used for PMMA should be applicable to any poly-
mer for which "Universal Calibration" is valid. It should therefore
be possible to study numerous other stereoregular systems.
A potentially interesting study would involve using the var-
ious stereoregular forms of poly (u-chloro alkyl acrylates) for which
we have samples of the methyl, ethyl, and isopropyl esters. This study
would be interesting from several points of view. First of all, poly
(a-chloro methacrylate) might be expected to exhibit similar unper-
turbed dimensions to PMMA, based on the fact that the a-chloro and a-
methyl groups have roughly the same Van der Waals volume. If the dimen-
sions are considerably different we may learn something about the effect
of the polar a-chloro group on the conformation of the chains. In add-
ition, one could obtain valuable information concerning the effect of
the size of the pendent ester group on the conformation of the chain.
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In general the number of systems which can be studied is end-
less. Future work might involve studying the unperturbed dimensions of
stereoregular polystyrene. There are three different stereoregular
forms of polystyrene currently available, 100% isotactic, 60% isotact-
ic, and 15% isotactic. In addition, Professor Lenz's group does a lot
of work on poly (a-methyl styrene) and these polymers might also be
available. Professor Vogl's group is currently synthesizing various
head-to-head polymers and these may also be available for study. It
would be interesting to compare the unperturbed dimensions of head-to-
head versus head-to-tail polymers.
Branching studies
.
In Chapter VI the application of GPC/LALLS to study
the degree of long chain branching in poly (vinyl acetate), PVAc, was
demonstrated. It is believed that this is potentially the most useful
application of these conbined instruments. Our study on PVAc only be-
gins to scratch the surface. I believe that a student willing to do a
limited amount of synthesis of PVAc with varying degrees of branching
could make a valuable contribution. By controlling the extent of reac-
tion the degreee of branching can also be controlled.^^ ^ Samples prepar-
ed in this way would be extremely valuable in evaluating the applica-
tion of GPC/LALLS to the measurement of long chain branching in poly
-
mers. Potentially the most useful application of these combined in-
struments in measuring the degree of long-chain branching, would be
for low density polyethylene, the highest volume thermoplastic in the
world. This work would however involve using a GPC system capable of
working a 135° C. Although we do have the model 200, I don't believe
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this unit is worth all the trouble.
Alterna tive axial dispersion correctjons. In this research project
we used a modified version of a method originally developed by Benoit et
(2)
al^ for correcting for axial dispersion. This method is unique in
that it involves correcting each incremental value for spreading. Num-
erous other corrections for spreading have also been proposed, most of
which involve correcting the entire chromatogram rather than the in-
cremental values. I believe it would prove very interesting to compare
the application of the more conventional methods for correcting for
axial dispersion with the results obtained from the incremental cor-
rection. In particular, the methods used by Chromatix in their soft-
(3)
ware programs and GPV2 and GPV3 proposed by Yau et ar ' have received
considerable attention in the literature, and would prove interesting
to compare with the method used in this work.
Calculation of the intrinsic viscosity . In this work we were concerned
with calculating incremental values of the intrinsic viscosity, [n]-.
In theory we should then be able to sum these values and obtain the
actual viscosity of the whole polymer. This summation was not at-
tempted in this work because of the imprecise values of [n]i obtained
at both ends of the distribution. As discussed in Chapter IV we are
limited to a region in the polymer distribution where adequate re-
sponse is obtained from both the LALLS and the differential refract-
ometer. It would be of considerable practical as well as
theoretical
importance to see if [n] could be calculated from a summation
of the
the incremental [n]^ values.
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M = >:c.[ii]./):c.
As a first approximation an attempt could be made to simply
extrapolate the useable molecular weight values, M^., obtained from
the middle of the distribution to the limits of the distribution. V.
and Vp, where V. is the initial elution volume and Vp is the final.
These extrapolated M^. values along with the appropriate elution vol-
umes could then be used in conjunction with the "Universal Calibration"
curve to obtain more accurate values of [ii]. at the ends of the dis-
tribution. It is hoped that summation of these values would yield a
value for the intrinsic viscosity which would agree with the value ob-
tained by conventional viscometry for the bulk polymer.
Rigid rods in GPC
. The GPC/LALLS system would seem to be the ideal set-
up for investigating the separation mechanism of helical polymers in
GPC. Several authors^^'^'^^ have reported that "universal calibra-
tion" appears to be valid for rigid rods, based on the fact that
calculated by GPC, calibrated with polystyrene standards, appears to be
in good agreement with obtained by viscosity measurements. The on-
line light scattering detector would allow us to actually measure the
weight average molecular weight of the polymer as it elutes. From this
information we could for the first time obtain information concerning
the separation mechanism of rigid rods in GPC.
In this laboratory we have attempted some early work on poly
(y-benzyl-L-glutamate) , PBLG, and have found considerable tailing for
these samples. Since the molecular weight distribution is supposed to
be narrow we have assumed that some sort of absorption must occur on
the
M-styragel columns. In our studies we used tetrahydrofuran .
Possibly
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N,N-climethylacetamide could help prevent this problem since Dawkins et
(4)
al have studied PBLG using this solvent with styragel columns.
Differential Ref ractometr.y
Conformational and branching effect s. The work reported in Chapter II
showed that the specific refractive index increment, dn/dc, was affect-
ed by the stereoregular composition as well as by the degree of branch-
ing. An attempt was made to correlate the change in dn/dc with changes
in the hydrodynamic volume of the polymers. It would be interesting to
see if this trend is a general one by studying dn/dc of other stereo-
regular systems or measuring dn/dc as a function of the degree of long
chain branching.
Measurement of dn/dc for a 60% isotactic and a 100% isotactic
sample of polystyrene was attempted without much success. Whereas
conventional (15% isotactic) polystyrene presented no experimental
difficulties, the two isotactic samples gave very inconsistent results.
It appeared that dn/dc increased almost exponentially as the concen-
tration was decreased. Every effort was made to filter these samples
to obtain optically clean samples but the results consistently showed
a dramatic increase in dn/dc with decreasing concentration. For all
other systems dn/dc was found to be independent of concentration. It
would prove interesting to explore this phenomenon further to see if
possibly we are observing some sort of transition or just measuring
turbidi ty
.
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-^j^li^Ijj-- There is currently considerable interest in
studying helix-coil transitions of simple polypeptides since what is
learned about these may be applied to more complex systems. In par-
ticular PBLG has received considerable attention. Preliminary work in
this laboratory has shown that the helix-coil transition in PBLG may
be followed using the Chromatix KMX-16 laser differential refractomet-
er. A 4/1 mixture of dichloracetic acid and 1
, 2 dichloroethylene was
used as the solvent for PBLG. The temperature was varied from 0" C to
55° C and a transition was observed at 30-35" C. Unfortunately this
study was not pursued any further so that the data must be deemed as
only preliminary. In addition, no attempt was made to interpret the
data. The relation presented in Chapter III relating dn/dc to the spe-
cific volume and the difference in refractive index between the polymer
and the solvent may be of some use here in interpreting the data. Al-
though this relation is semiempi rical one may be able to extract some
information concerning the volume change during the helix coil trans-
ition.
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